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Abstract

Older adults often show different functional activation patterns than younger adults in prefrontal
cortex (PFC) when performing cognitive control tasks. These differences include age-related
increases in PFC activation magnitude and reorganized PFC functional connectivity patterns.
However, it remains unclear whether age-related alterations in brain activation patterns reflect a
positive mechanism (e.g. compensatory response) or a sign of brain dysfunction (e.g. reduced
efficiency). Here we used functional magnetic resonance imaging (fMRI) to compare PFC
activation magnitudes and PFC connectivity patterns between younger and older adult groups
during performance of a task switching paradigm. Results indicated age-related increases both in
PFC activation magnitudes and in PFC functional connectivity with inferotemporal (IT) regions.
However, these age-related fMRI increases were differentially associated with task performance.
Whereas increased PFC activation magnitudes tended to be either unrelated to task RT or
associated with poorer task performance, increased PFC-IT connectivity was associated with
better task performance in older adults. Our results provide new evidence suggesting that
mechanisms subserving age-related reductions in efficiency and successful compensation can
coexist in older adults in the context of the same task.
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1 INTRODUCTION

Functional brain imaging studies have shown that human aging is accompanied by marked
shifts in cortical activation patterns during cognitive task performance (Drag & Bieliauskas,
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2010; Spreng, Wojtowicz, & Grady, 2010). Within prefrontal cortex (PFC), an often
observed finding has been increased activation in older adults compared to younger adults
(Cabeza, 2001; Grady, 2008; Reuter-Lorenz & Cappell, 2008). A central question in this
literature is whether age-related PFC activation increases represent a positive compensatory
mechanism (e.g. recruitment of additional cognitive resources that aid performance),
reduced efficiency, or reduced cortical specialization (e.g. dedifferentiation; Cabeza, 2001;
Cabeza & Dennis, 2012; Colcombe, Kramer, Erickson, & Scalf, 2005; Grady, 2012; Park,
2004; Park & Reuter-Lorenz, 2009a; Reuter-Lorenz & Cappell, 2008; Reuter-Lorenz &
Park, 2010; Zarahn, Rakitin, Abela, Flynn, & Stern, 2007). Adjudicating between these
opposing views may have practical implications in establishing desired end-points of
intervention strategies in older adults.

Evidence in support of either of these different theories depends upon the relationships
between age-related functional activation alterations and cognitive performance. In general,
positive relationships between activation and performance (e.g. increased BOLD response
associated with higher accuracy or faster response time) can be viewed as evidence for
successful compensation (Cabeza & Dennis, 2012; Park & Reuter-Lorenz, 2009a; Phillips &
Andres, 2010), while higher activation in older adults that does not facilitate performance
can be characterized as either evidence for reduced efficiency (Gold, Johnson, & Powell,
2013; Rypma, Berger, Genova, Rebbechi, & D’Esposito, 2005; Rypma et al., 2006; Stern,
2009, 2010; Zhu, Johnson, Kim, & Gold, 2013) or a “failed attempt” at compensation
(Cabeza & Dennis, 2012).

Activation patterns within PFC serve as an attractive model for potential evidence in support
of age-related compensation because PFC contributes to most if not all high level cognitive
functions. PFC activation patterns also serve as an attractive model to look for evidence in
favor of brain dysfunction theories of neurocognitive aging because PFC is particularly
vulnerable to age-related declines (i.e. “frontal lobe hypothesis’; c.f. West, 1996). However,
another unique feature of PFC organization has been relatively overlooked in motivating
analyses related to compensation and brain dysfunction theories. Namely, that PFC is
connected with most if not all other cortical regions and contributes to cognition through its
distributed connections with other brain structures (Duncan, 2001; Goldman-Rakic, 1987;
Miller & Cohen, 2001). Consequently, age-related changes in PFC functional connectivity
(fC) are likely to affect cognitive functions and may have important implications for the
debate between compensation and dysfunction theories.

In younger adults, increased connectivity during task performance tends to predict improved
cognitive function (e.g. resistance to distraction, Yoon, Curtis, & D’Esposito, 2006; visual
search efficiency, Rotshtein, Soto, Grecucci, Geng, & Humphrey, 2011; long-term memory
encoding, Ranganath, Heller, Cohen, Brozinsky, & Rissman, 2005). However, the link
between functional connectivity and task performance is less clear in older adults. While
results from several studies suggest that functional networks may become reorganized or
diluted with age (Davis, Kragel, Madden, & Cabeza, 2012; Gazes, Rakitin, Habeck,
Steffener, & Stern, 2012; Geerligs, Saliasi, Maurits, & Lorist, 2012; Grady, Mclntosh, &
Craik, 2003; Grady et al., 2010; Madden et al., 2010; St Jacques, Dolcos, & Cabeza, 2010),
there is increasing evidence that age-related changes in fC may reflect successful
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compensatory mechanisms (Davis et al., 2012; Gazes et al., 2012; Grady et al., 2003; for
review see Phillips & Andres, 2010).

In the current study we examined age-related differences in PFC activation magnitudes, PFC
connectivity patterns, and their association with task performance. PFC connectivity patterns
were explored using a generalized psychophysiological interaction (gPPI) approach
(McLaren, Ries, Xu, & Johnson, 2012). The value of gPPI over other methods of fC analysis
is that it uses all of the available data in the estimation of connectivity. In addition to the PPI
terms, the gPP1 model included “box-car” regressors that accounted for both between-
condition and between-group differences in BOLD magnitude, leaving fC to be evaluated
independent of the influence of differences in task-evoked BOLD magnitude. This was
particularly important in the current study which sought to investigate task-related fC
associated with regions of the PFC exhibiting age-related BOLD magnitude increases. Thus,
it was critical that gPPI be used to evaluate fC patterns independent of group differences in
BOLD magnitude.

2 METHODS

2.1 Participants

A total of 65 right-handed, English speaking adults (32 younger adults, 33 older adults)
participated. Written informed consent was obtained from each participant under an
approved University of Kentucky Institutional Review Board protocol. Participants were
recruited from the community and were monetarily reimbursed for their participation.
Exclusionary criteria for the study included the following: color blindness, major head
injury, stroke, neurological or psychiatric disorder, high blood pressure, diabetes, heart
disease, the use of psychotropic drugs, and or the presence of metal fragments and/or
metallic implants contraindicated for MRI.

Task switching performance is known to be correlated with intelligence and digit span (Kray
& Lindenberger, 2000). The task switching paradigm employed in the present study
involved switching between non-verbal perceptual judgments. Thus, the Cattell Culture Fair
Intelligence Test (Cattell & Cattell, 1960) was used as a measure of intelligence because it
assesses non-verbal intelligence associated with perceiving inductive relationships in shapes
and figures. Digit span forward and backward were assessed with The Digit Span Subtests
of the Wechsler Memory Scale (WMS II1; Wechsler Memory Scale, Third edition, San
Antonio, TX: Harcourt Assessment.). Totals for the digit span forward and digit span
backward were based on the number of trials that were accurately reported in the correct
order. There was no significant difference between younger and older groups in male/female
ratio (X2 = 1.85, p = 0.17), years of education (t(63)=0.20, p=0.84), 1Q (t(61)=1.20, p=0.24),
digit span forward (t(61)=0.32, p=0.75), or digit span backward (t(61)=0.35, p=0.73; see
Table 1).

2.2 Materials and Procedure

Participants completed a color-shape task switching paradigm (Figure 1). The stimuli
consisted of two possible shapes (circle or square), in one of two possible colors (red or
blue), presented in the center of the screen. In the color block, participants were required to
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judge if each stimulus was red or blue. In the shape block, participants were required to
judge if each stimulus was a circle or a square. In the switch block, participants alternated
between shape and color judgments. Responses were made using MRI compatible response
boxes (one in each hand). Participants were asked to press the left or right button to indicate
whether the stimulus was blue or red, or circle or square, depending upon the cue word.
Participants were asked to respond as quickly and accurately as possible.

Participants were given an instructional cue at the beginning of each trial (the word “color”
or “shape”) which was displayed for 150ms center-screen. The instructional cue was
replaced by the target stimulus which was displayed for 2650ms and did not terminate upon
a response. Each trial ended with 200ms of central fixation (plus-sign) prior to the start of
the next trial. During shape or color task blocks (i.e. “single task™) participants made the
same judgment on every trial (e.g. the instructional cue was also repeated on every trial).
During switching blocks the task alternated pseudorandomly across trials, with a 50%
chance of repeating/switching in consecutive trials for a total of approximately 40 switches
per participant (see Figure 1).

Task blocks were 60 seconds in duration (20 trials per block), and fixation periods were 30
seconds in duration. There were three runs. Each run contained 4 task blocks and 5 fixation
periods. One run consisted of two blocks of each of the color task and shape task. The other
two runs contained one block each of the color task and shape task and two switching
blocks. The order of runs, task blocks within runs, and stimulus-response mappings were
counterbalanced across participants. Task stimuli were generated by E-prime software
(Psychology Software Tools, Inc, Pittsburgh, PA) and projected to a mirror mounted on the
MRI head coil using an MRI compatible projector. Response time and accuracy for subject
responses on each trial were recorded by the stimulus presentation program.

Prior to scanning, participants received task instructions along with a maximum of 60 trials
of practice for each condition (i.e. each single task and the switching task) to reach 75%
accuracy criterion before proceeding to the scanner. All participants reached this accuracy
criterion within the allotted 60 trial maximum. After the scan session participants were given
a brief break followed by administration of the neuropsychological measures.

2.3 Imaging Data Acquisition

Imaging data was collected on a 3T Siemens TIM scanner at the University of Kentucky’s
Magnetic Resonance Imaging and Spectroscopy Center. Four types of images were
collected: 1) high-resolution T1-weighted image for functional image registration; 2) T2*-
weighted images sensitive to the BOLD signal; 3) diffusion tensor images (not reported
here); and 4) BO field map sequence for geometric unwarping of functional images.

High-resolution T1-weighted images were collected using an MPRAGE sequence (TR =
2100ms; TE = 2.93ms; FA = 12 degrees; resolution = 1 x 1 x 1mm isotropic). Functional
images were collected using a T2*-weighted gradient echo-planar sequence (TR = 2000ms,
TE = 30ms, FA = 77 degrees, FOV = 224mm?, matrix = 64 x 64, resolution = 3.5 mm
isotropic, 33 interleaved slices). BO field map images were collected using a double-echo
planar imaging sequence (TE1 = 5.19ms; TE2 = 7.65ms).
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2.4 Imaging Data Preprocessing

Imaging data were preprocessed and analyzed using FMRIB’s Software Library (FSL) and
fMRI Expert Analysis Tool (FEAT; Jenkinson, Beckmann, Behrens, Woolrich, & Smith,
2012; Smith et al., 2004). Functional data were brain-extracted (i.e. skull-stripped) and
motion-corrected to the median functional image using b-spline interpolation (4 df). The
resulting functional images were unwarped via BO field maps to reduce magnetic field
distortions, high-pass filtered (60 s/cycle), and spatially smoothed [9 mm full width at half
maximum (FWHM), isotropic]. The anatomical volume was brain-extracted and registered
to standard space T1 MNI 2 x 2 x 2mm template with FMRIB’s Non-linear Image
Registration Tool (FNIRT; Andersson, Jenkinson, & Smith, 2010). Each participant’s
median functional image was co-registered to their anatomical volume and warped to
standard space using the non-linear warping matrix generated by the transformation of
anatomical volume to standard space (Andersson et al., 2010). All resulting functional
images were interpolated to 2 x 2 x 2mm resolution for group analysis in MNI standard
space.

2.5 Subject-Level Analysis

Functional data was first modeled at the individual subject level by fitting a voxel-wise
General Linear Model (GLM) to the BOLD data acquired for each run. Each run was
modeled separately and included task regressors for the color, shape, and switching task
blocks. Task regressors were modeled as a box-car function and convolved with a canonical
double-gamma hemodynamic response function. Lower-level contrast maps for single
(average of color and shape task) and switching task were passed to a 2" level fixed effects
model. In the 2" level model maps for each condition were averaged across the three runs.

2.6 Group Analyses

We first performed a combined-group analysis on BOLD fMRI data to identify PFC regions
showing robust sensitivity to task switching in our study participants for subsequent region
of interest (ROI) analyses. These regions were identified via a repeated measures contrast
between switching and single task conditions across all participants. To perform this
contrast, each participant’s single and switching task contrast maps from the 2" level fixed
effects model were entered into a group GLM along with an additional regressor per
participant to account for subject-specific variance.

2.7 Thresholding and ROI Definition

Monte Carlo simulations using the AlphaSim program were used to empirically derive an
appropriate combination of voxel-significance and cluster extent required to reach a whole-
brain corrected significance threshold of p < 0.05, taking into account both native space
voxel dimensions and the effective smoothness estimated directly from our preprocessed
data (http://afni.nimh.nih.gov/pub-/dist/doc/manual/AlphaSim.pdf). The Monte Carlo
simulations used 1000 iterations and indicated a voxel-significance level of p < 0.001 and a
minimum cluster extent of 22 contiguously significant voxels (176 mm3) in order to reach a
whole-brain corrected significance level of p < 0.05. This threshold was applied to each
contrast described here.
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2.8 BOLD Magnitude ROI Analyses

Mean BOLD magnitude estimates (z-transformed parameter estimates for each condition
versus implicit baseline) were extracted from five significant PFC clusters from the
switching > single task contrast described above. These PFC ROIs identified in our
participants (ACC, bilateral DLPFC and bilateral VLPFC) have frequently been reported to
show sensitivity to task switching in previous studies of younger adults and older adults
(DiGirolamo et al., 2001; Gold, Powell, Xuan, Jicha, & Smith, 2010; Kim, Cilles, Johnson,
& Gold, 2012; Madden et al., 2010). ROl masks were generated with a 5mm-radius sphere
centered on the peak voxel coordinate within each cluster. Group comparisons were
conducted on ROI data to determine which of these regions showed age-related changes in
BOLD magnitude. To limit the number of comparisons associated with functional correlates
of age-related over-recruitment in regions of the PFC, subsequent correlation analyses tested
for possible relationships between RT and BOLD magnitude in ROIs showing (1) sensitivity
to task-switching across participants and (2) age-related over-recruitment. Two regions met
these criteria: the left VLPFC and left DLPFC. These BOLD-performance correlations
focused on RTs rather than accuracies, which were near ceiling.

2.9 Task-Related Functional Connectivity (fC) Analysis

The left DLPFC ROI (-44, 22, 28) was selected as the seed for the fC analysis. A
generalized form of the psychophysiological interaction (gPPI) model was implemented to
examine task-dependent functional connectivity (McLaren et al., 2012). Each run of each
participant’s functional scans was modeled separately and recombined in a fixed-effects 2nd
level model before proceeding to group analysis. The gPPI model involved general linear
modeling of the task conditions (psychological terms), the seed timecourse (physiological
term), and an interaction term for each task condition x the seed timecourse. The resultant
15t level model for each participant included the following regressors: color task (single),
shape task (single), switching task, the seed timecourse, color task x seed PPI, shape task x
seed PPI, switching task x seed PPI, and 6 motion parameters as confound regressors.

Before proceeding to a group fC model, a repeated measures t-test for each single task (color
and shape) was conducted within each group. As no difference in fC between the single
tasks was observed in either group, a single gPPI term corresponding to the average of fC
across the two single task conditions was passed to the group level. After averaging each
participant’s 15t level gPPI terms in a 2" level fixed-effects model two group models were
constructed in order to accurately parse group-specific error variance. The first group model
represented a 2 (task condition: single/switching) x 2 (group: younger/older) Mixed Effects
ANOVA where the main-effect of task condition and task condition x group interaction
terms were estimated. In the 2 x 2 ANOVA, each participant’s single task and switching
task gPPI maps were entered along with a single regressor per participant to account for
subject-specific variance (i.e. repeated measures). The second group model represented an
independent samples t-test where the main-effect of group was evaluated. In this model the
average of each participant’s single task and switching task gPP1 maps were entered and a
two-tailed group comparison was conducted.
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3 RESULTS
3.1 Behavior (Error Rates and RT)

A 2 (group) x 2 (task condition) repeated measures ANOVA on error rate reveal a
significant main-effect of task condition (F(1,63) = 31.94, MSE = 173, p < 0.001) where
overall error rates were higher for the switching task (M = 4.7, SD = 4.5) than the single task
(M =24,SD = 2.5; t(64) = 14.27, (p < 0.001). No significant main-effect of group (F(1,63)
=0.01, MSE = 0.25, p = 0.91) or group x task condition interaction was observed (F(1,63) =
0.25, MSE = 1.37, p = 0.62). Overall error rates were low for both groups (younger: M =
3.5, SD = 3.4; older: M = 3.6, SD = 3.2).

A 2 (group) x 2 (task condition) repeated measures ANOVA on mean RT revealed a
significant main-effect of group (F(1,63) = 22.15, MSE = 942069, p < 0.001), where older
adults (M = 882, SD = 147) were overall slower than younger adults (M = 712, SD = 145;
t(63) = 4.7, p < 0.001) and task condition (F(1,63) = 211.12, MSE = 1691838, p < 0.001)
where participants were overall faster during the single (M = 684, SD = 136) than switching
task (M =913, SD = 216; t(64) = 14.27, p < 0.01), and a marginal group x task condition
interaction (F(1,63) = 3.63, MSE = 29058, p = 0.06). To control for the possibility that the
marginal group x task interaction emerged as a multiplicative effect of general age-related
slowing (Salthouse, 2000) we conducted a second repeated measures ANOVA on log-
transformed mean RT data (also see Mayr, 2001). The results of this control test revealed
that the marginal interaction between group and task condition is better accounted for by
general RT slowing in the older adult group (corrected group x condition, F(1,63) = 0.08,
MSE = 0.001, p = 0.78).

3.2 Functional Activations During Task Switching

The switching > single task contrast across all participants revealed significant activation
differences in brain regions within all four lobes, prominently including frontoparietal
regions. In particular, increased activation in the switching task was observed in multiple
regions of PFC including ACC, bilateral DLPFC, and bilateral VLPFC (Figure 2a). In
contrast, there were no regions showing significantly greater activation in the single than the
switching task condition.

3.3 ROI BOLD Magnitude

Two of the five PFC regions showing significant sensitivity to task switching, the left
VLPFC and the left DLPFC, showed significantly greater BOLD response in older adults
compared to younger adults. The results of 2 (group) x 2 (task condition) mixed effects
ANOVASs on BOLD magnitude in the left VLPFC ROI revealed a significant main-effect of
group (F(1,63) = 12.0, MSE = 3147, p = 0.001) and task condition (F(1,63) = 89.3, MSE =
3198, p < 0.001), but no group x task condition interaction (F(1,63) = 0.26, MSE =9.28, p =
0.61). Similarly, significant main-effects of group (F(1,63) = 8.04, MSE = 7744, p = 0.006)
and task condition (F(1,63) = 95.7, MSE = 10609, p < 0.001) were observed in the left
DLPFC ROI in the absence of a group x task condition interaction (F(1,63) = 0.06, MSE =
6.41, p = 0.81). Follow-up t-tests on the main-effects of group revealed that in each of these
regions, age-related BOLD increases were observed in both the single task (left VLPFC:
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t(63) = 3.30, p = 0.002; left DLPFC: t(63) = 3.98, p < 0.001) and the switching task (left
VLPFC: t(63) = 3.22, p = 0.002; left DLPFC: t(63) = 3.51, p = 0.001; Figure 2b).

In the left VLPFC region that showed age-related over-recruitment, there was a significant
positive correlation between BOLD magnitude and RT in the single (r = 0.35, p = 0.048)
and switching tasks (r = 0.39, p = 0.026) in the older group (Figure 2c). In the left DLPFC
region that showed age-related over-recruitment, there was no correlation between BOLD
magnitude and RT in the single or switching tasks (both p’s = 0.66) in the older group.
There was no correlation between RT and BOLD magnitude in either of these regions, in
either condition, in the younger adult group (all p’s = 0.26). The full set of correlations in
the five PFC regions showing sensitivity to task switching in our participants (including the
three that did not show age-related over-recruitment) are summarized in Table 2 for
completeness and comparison with future studies but are not interpreted further.

3.4 Task-related functional connectivity (fC)

The left DLPFC ROI (-44, 22, 28) was selected as the seed for the fC analysis based on the
voxelwise and BOLD magnitude results (above). This region showed increased BOLD
response in older adults that did not facilitate performance. It was thus of theoretical interest
to this study to determine if the same region that was over-recruited at the local response
level was associated with a change in connectivity at the network level. The results of the 2
(group) x 2 (task condition) mixed effects ANOVA on PPI maps revealed no significant
main-effect of task condition or group x task condition interactions. However, the results of
our group comparison revealed a significant main-effect of group across several regions of
the brain (Table 3). Evaluation of one-way group PPl maps (mean positive fC and mean
inverse fC across task conditions) revealed several regions of positive and inverse fC
overlap between groups. For example, the left DLPFC in both older and younger adults
showed patterns of inverse fC with bilateral superior/middle temporal gyrus (STG/MTG),
regions of the basal ganglia, and midline regions of the prefrontal and parietal cortices.
Further, a common region of positive fC included the superior parietal cortex (Figure 4).

Direct group comparison of mean task-related fC revealed several significant group
differences in fC (Figure 5). Generally, greater positive fC was observed in older adults
between the left DLPFC and areas of the inferior occipital and temporal lobes. In contrast,
greater inverse fC was observed in younger adults across areas of the midline prefrontal and
parietal cortices and the MTG. Given this pattern in between-group directional fC results,
for the purpose of subsequent fC-performance correlation analyses, it was important to
identify those age-related fC increases resulting from a true positive increase in older adults
from those due to relatively greater negative fC effect in the younger adults. Thus, we
summarized mean fC within 5mm-radius spherical masks centered on the peak group
difference within each cluster and then coded each cluster based on whether the region, in
either group, showed significant non-zero positive or inverse fC with the region. In order to
provide a conservative determination of non-zero connectivity strength (i.e. identify true
group-specific effects) this analysis was performed at the ROI-based threshold of p < 0.05.
The results of this analysis are color-coded in Figure 5.
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3.5 Task-related fC and Performance in Older Adults

We observed a significant increase in fC among regions of primary and visual association
cortex that was specific to the older adult group (see Table 3 “O+” regions). In order to
examine whether age-related change in fC might be compensatory in nature we conducted a
correlation analysis between left DLPFC fC and mean RT during task performance. From
among these six regions (labeled O+ in Table 3), a significant negative correlation between
left DLPFC fC and mean RT was observed in both the left IT cortex only in the older adult
group (r =-0.40, p = 0.021) and the right IT cortex only in the older adult group (r =-0.35, p
= 0.047; see Figure 5 for scatter-plots).

4 DISCUSSION

We compared relationships between PFC BOLD magnitude and PFC connectivity patterns
and task switching performance in older and younger adult groups. In general, higher BOLD
magnitude in PFC regions was either unrelated to task RT or associated with slower RT in
older adults, suggesting reduced efficiency. In contrast, age-related increases in connectivity
between a region of the left DLPFC and ventral visual cortex was associated with faster task
performance, suggesting successful compensation. Our results are among the first to provide
evidence that mechanisms of reduced efficiency (in terms of activation magnitude) and
successful compensation (in terms of task-related fC) can operate in the same older adult
participant, under the same task conditions. As such, our results provide an instance in
which compensation and efficiency mechanisms may co-exist rather than being mutually
exclusive.

Age-related increases in PFC recruitment have been observed across a number of task
domains (Drag & Bieliauskas, 2010; Reuter-Lorenz & Park, 2010; Spreng et al., 2010).
However, it remains debated whether PFC increases reflect an adaptive, compensatory
response (Cabeza & Dennis, 2012; Grady, 2012; Park & Reuter-Lorenz, 2009b; Reuter-
Lorenz & Cappell, 2008) or are more reflective of age-related brain dysfunction (Colcombe
et al., 2005; Gold, Kim, Johnson, Kryscio, & Smith, 2013; Rypma et al., 2005; Rypma et al.,
2006; Stern, 2009, 2010; Zarahn et al., 2007; Zhu et al., 2013). In the present study we
found that higher PFC BOLD magnitudes were either associated with poorer task
performance or unrelated to performance. In addition, the same trend in BOLD-RT
relationships in PFC was observed in younger adults such that higher activation was
unrelated to performance or associated with slower performance.

In contrast, we did not observe any instances in either group or condition in which BOLD
magnitude in PFC was associated with faster performance. Given that switching and single
task conditions were performed with high accuracy, our findings are consistent with
efficiency accounts of individual differences in BOLD response, which suggests that faster
performers may require less frontal recruitment in order to accurately perform the task
(Colcombe et al., 2005; Gold, Kim, et al., 2013; Rypma et al., 2005; Rypma et al., 2006;
Stern, 2009, 2010; Zarahn et al., 2007; Zhu et al., 2013). With respect to compensatory
models of age-related BOLD activation increases, this pattern is often characterized as a
“failed attempt” at compensation, i.e. increased activation being unrelated to performance
(Cabeza & Dennis, 2012).
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However, evidence of successful compensation among older adults was observed in the
results of our functional connectivity analysis. Specifically, older adults showed (1) a
marked increase in positive fC between the left DLPFC and ventral visual regions compared
to younger adults and (2) these age-related connectivity increases were correlated with faster
task performance. This finding is particularly noteworthy in that although increasing BOLD
response levels in left DLPFC did not aid performance, increased coupling of BOLD
response in this region with response in distal ventral visual regions was associated with
better performance. Thus, our results provide evidence of age-related compensation in the
form of increased functional connectivity among large-scale brain networks (for additional
evidence of fC compensation see Davis et al., 2012; Gazes et al., 2012; Grady et al., 2003).

It is important to highlight that the relationship between PFC-IT fC and performance
observed here in older adults was observed for older adults compared to younger adults
across both task conditions (a main-effect of group but no effect of task or age by task
interaction). Consequently, our findings do not suggest that age-related increase in fC
facilitates task switching ability, per se. Rather, age-related increases in fC may facilitate a
cognitive process that is common to both the single and switching task contexts. Our task
switching paradigm involved two types of perceptual judgments (color & shape) performed
on a common set of stimuli (colored shapes). Given all stimuli in the single- and switching-
task blocks were bivalent (affording a response associated with each task set) the demand to
selectively attend the relevant stimulus dimension was present in both task conditions. Thus,
age-related increases in fC between the PFC and visual association cortices observed in our
study may emerge in response to increased pressure placed on selective attention resources
in older adults.

Younger adults would be expected to upregulate executive resources to bias competition
between visual feature dimensions primarily in the switching condition (Duncan, 2001;
Miller & Cohen, 2001). However, older adults may upregulate similar executive resources
even during single-task blocks (DiGirolamo et al., 2001) in an attempt to combat age-related
declines in selective attention (e.g. reduced distractor suppression, Gazzaley, Cooney,
Rissman, & D’Esposito, 2005; c.f. Reuter-Lorenz & Park, 2010). Our results suggest that
increased PFC-IT fC may contribute to such a compensatory response in older adults.

IT cortex has been shown to exhibit object-specific patterns of activation in humans and
monkeys (Kriegeskorte et al., 2008; J. Tanaka, 1999; K. Tanaka, 1996; Tong, Rademaker, &
Cohen, 2012). Given the known role of ventral visual association cortex in object
identification (Mishkin, Ungerleider, & Macko, 1983), IT cortex would be a reasonable
target of compensatory control signaling from the PFC in older adults. The results of our fC
analysis showed that younger adults, on average, did not maintain sustained fC between the
left DLPFC and IT cortex. The lack of positive fC observed in the younger group, however,
was not attributable to a lack of BOLD activation in this region as a follow-up analysis
revealed significant BOLD activation in the left DLPFC for both the single and switching
task conditions in the younger adult group.

The results of our fC analysis align well with previous reports of age-related alterations in
task-related fC, although the direction of these alterations has varied (Davis et al., 2012;
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Gazes et al., 2012; Geerligs, Maurits, Renken, & Lorist, 2012; Grady et al., 2003; Grady et
al., 2010; Madden et al., 2010; St Jacques et al., 2010). Of particular relevance, a previous
investigation using a task switching paradigm reported age-related decreases in fC (Madden
et al., 2010). Importantly, however, this previous study evaluated fC at the onset of
instructional cues to switch tasks (e.g. event-related fC through beta-series analysis).
Previous work has demonstrated that older adults may show difficulty with task demands at
both the level of task blocks and local trials (Kray & Lindenberger, 2000; Mayr, 2001).
Given these impairments may map separately onto sustained and dynamic cognitive
processes, the difference between the findings by Madden and colleagues (2010) and the
current results may in part be explained by the difference in fC approach (e.g. sustained
block-level and local preparation-related fC).

We note several caveats associated with our study. Although the gPPI method we employed
has a number of important strengths (as discussed in the Introduction), like all methods, it
also has some limitations. One limitation of the gPPI method is that it suffers from a degree
of colinearity with block-level, physiological, and interaction regressors all part of the same
model (McLaren et al., 2012). It is possible that our failure to observe a change in fC
between single and switching task conditions emerged as a function of colinearity between
regressors within subject-level models. However, as the goal of the current study was to
evaluate age-related changes in fC, inspection of within-group PPl maps (e.g. Figure 3) and
the results of our group comparison confirm that the gPPI method was efficient at modeling
task-related fC and provided insight into age-related changes in task-related fC.

A related caveat associated with most fC studies involves the requirement to define a seed
region. While a seed-based analysis allowed us to identify PFC-IT connections of functional
significance to older adult performance, future work applying latent variable and model-free
approaches will help to expand the scope of age-related changes in fC during task
performance. Given that regions beyond the PFC are involved in executive cognition (e.g.
the superior parietal lobe; Esterman, Chiu, Tamber-Rosenau, & Yantis, 2009; Kim, Johnson,
Cilles, & Gold, 2011) future investigations should examine age-related changes in fC using
other non-PFC seed regions. Lastly, it should be noted that our ROI analyses were not
corrected for multiple comparisons. It is thus the overall pattern of findings linking
compensation more strongly with age-related increases in PFC functional connectivity than
local PFC magnitude that forms our strongest conclusion. In contrast, conclusions regarding
any specific relationship between PFC regions and performance should be considered
preliminary and interpreted with due caution.

5 CONCLUSIONS

Our results suggest that aging can be associated with coexisting reductions in efficiency and
successful compensation under the same task conditions. Whereas age-related increase in
BOLD magnitudes in PFC regions such as left DLPFC were not facilitative of task
performance, age-related connectivity increases between the same left DLPFC region and
ventral visual cortex were associated with faster RT. These age-related increases in PFC-
ventral visual connectivity may emerge from increased pressure to selectively attend to
relevant stimulus feature dimensions in aging. By upregulating this form of cognitive
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control, older adults may reduce competition between stimulus feature dimensions and
improve their performance.
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Figure 1. Color-Shape Task Switching Paradigm
Each trial started with an instructional cue (150ms) followed by a colored-shape (2650ms).

Trials within task blocks were separated by a 200ms fixation point. (LEFT) Single task
blocks involved repetition of either the color or shape judgments for the duration of the
block. (RIGHT) Switching task blocks involved pseudorandomly switching between color
and shape judgments.
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Figure 2. Functional Activation During Single and Switching Task Blocks
(A) Voxelwise results from the switching > single task contrast across groups. (B) Older

adults showed higher activation in the left DLPFC during both task conditions. (C) A
significant relationship was observed in the older adult group between left VLPFC BOLD
magnitude and RT for both single and switching task conditions.
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Figure 3. Location of the left DLPFC seed region
The peak of a cluster located in the left DLPFC (-44, 22, 8) was selected from voxelwise

results (in Figure 2a) as the seed region for the functional connectivity analysis. The location
of the left DLPFC seed region is displayed in green.
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Figure 4. Positive and Inverse Group PPI Maps
Younger adults tended to show widespread inverse fC between left DLPFC and task-

negative regions whereas older adults tended to show widespread positive fC with task-
positive areas of ventral primary and association visual cortices. The results presented in this
figure provide an overview of within-group connectivity patterns. However, apparent
between-group differences may in part reflect thresholding effects and should thus only be
interpreted in the direct comparison results shown in Figure 5.
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Figure 5. Main-effect of Age
(A) Direct comparison between older and younger adults revealed a number of group

differences in task-related fC. The purple circles identify the area of IT cortex shown in the
scatter-plots. Task-related fC between the left DLPFC and (B) left IT cortex and (C) right IT
cortex was negatively correlated with RT in the older group.
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