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Healthy aging is typically accompanied by some decline in cognitive performance, as well as by
alterations in brain structure and function. Here we report the results of a randomized, controlled
trial designed to determine the effects of a novel cognitive training program on resting cerebral
blood flow (CBF) and gray matter (GM) volume in healthy older adults. Sixty-six healthy older
adults participated in 8 weeks of either a training program targeting attention and distractibility
or an educational control program. This training program produced significantly larger increases
in resting CBF to the prefrontal cortex than the control program. Increases in blood flow were
associated with reduced susceptibility to distraction after training, but not with alterations in
GM volume.These data demonstrate that cognitive training can improve resting CBF in healthy
older adults and that cerebral perfusion rates may be a more sensitive indicator of the benefits
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INTRODUCTION

Changes that occur in the aging brain can produce alterations in a
variety of sensory and cognitive functions. Even healthy older adults
typically exhibit significant deficits in memory, attention, and other
executive functions (Park et al., 2002; Verhaeghen and Cerella, 2002;
Buckner, 2004; Rhodes, 2004; Isingrini et al., 2008). For example, in
alarge sample of adults age 20-92, Park et al. (2002) demonstrated
age-related declines in across several cognitive domains, including
speed of processing, working memory, and long-term memory.
A number of studies also indicate that older adults process more
extraneous sensory information and are more distractible than
their young counterparts (Alain and Woods, 1999; Rowe et al., 20065
Yang and Hasher, 2007; Hugenschmidt et al., 2009).

The frontal cortex, which supports many of these higher-level
cognitive functions, is known to be particularly susceptible to
many age-related changes, including reductions in blood flow
(Martin et al., 1991; Meltzer et al., 2000; Parkes et al.,2004; Bangen
et al., 2007; Asllani et al., 2009; Bertsch et al., 2009), metabolic
rates (Marchal et al., 1992; Bentourkia et al., 2000), white matter
(WM) integrity (Salat et al., 2005; Hugenschmidt et al., 2008), tis-
sue volume (Good et al., 2001; Resnick et al., 2003; Raz et al., 2004,
2005; Salat et al., 2009), and cortical thickness (Salat et al., 2004;
Fjell et al., 2009). Although brain atrophy can artificially inflate
the difference in cerebral blood flow (CBF) between younger and
older adults, due to age-related decreases in the amount of gray
matter (GM) relative to WM or cerebrospinal fluid present in a
given voxel, a recent study by Asllani et al. (2009) reported that
older adults have a global decrease in CBF of ~15%, even after
correcting for these partial volume effects. In addition to con-
firming that there are global reductions in CBF, these experiments
also demonstrated that tissue loss did not fully account for local
age-related decreases in CBF in several brain areas, including the

of cognitive training than volumetric analyses.
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cingulate gyrus, the frontal cortex, and the hippocampus (Asllani
et al., 2009). Interestingly, a longitudinal study of healthy older
adults that examined CBF patterns during task and resting-state
also demonstrated specific decreases in resting-state CBF in the
parahippocampal and superior frontal gyri across an 8-year time
span (Beason-Held et al., 2009). It is unknown whether improved
blood flow to these brain regions could improve neuronal process-
ing efficiency.

Despite these age-related alterations in brain structure and
function, the aging brain does maintain some ability to adapt and
change in response to environmental demands (Churchill et al.,
2002; Kempermann et al., 2002; Kramer et al., 2004; Burke and
Barnes, 2006; Mora et al., 2007; Jessberger and Gage, 2008). Several
interventional studies have capitalized on this plasticity to improve
cognitive function in older adults with training programs that target
memory, attention, reasoning, and speed of processing (Kramer
et al., 1995; Ball et al., 2002; Jennings et al., 2005; Mahncke et al.,
2006; Erickson et al., 2007; Bherer et al., 2008; Buschkuehl et al.,
2008; Dahlin et al., 2008a; Mozolic et al., 2009). In a large, rand-
omized controlled trial known as the ACTIVE study, participants
trained in memory, speed of processing, or reasoning showed sig-
nificant improvements in the trained domains, and these improve-
ments were maintained over a 5-year follow-up interval (Ball et al.,
2002; Willis et al., 2006).

A number of other studies have used neuroimaging to identify
modifications in brain structure and function that are associ-
ated with various training regimens (Draganski et al., 2004, 2006;
Golestani and Zatorre, 2004; Olesen et al., 2004; May et al., 2007;
Ilg et al., 2008; Hyde et al., 2009); however, fewer have investi-
gated training-induced plasticity in the aging brain (Nyberg et al.,
2003; Colcombe et al., 2004, 2006; Erickson et al., 2007; Pereira
et al., 2007; Boyke et al., 2008; Dahlin et al., 2008b). Colcombe
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et al. (2004) demonstrated that cardiovascular fitness training in
older adults improved performance and increased activity in the
prefrontal and parietal cortex during performance on a task of
executive function. Similar aerobic exercise interventions have
also been shown to increase both GM volume in the anterior
cingulate, right frontal, and left temporal cortices and WM volume
in the anterior corpus callosum (Colcombe et al., 2006), and to
increase resting cerebral blood volume in the hippocampus in
healthy older adults (Pereira et al., 2007). Cognitive training inter-
ventions have also been shown to successfully alter task-related
neural activity in older adults (Nyberg et al., 2003; Erickson et al.,
2007; Dahlin et al., 2008b), yet little is known about alterations in
resting brain activity or blood flow following cognitive training
in older adults. Interestingly, in young adults, training in logical
reasoning can improve performance on such tasks and increase
resting CBF to the PFC and anterior cingulate cortex (ACC)
(Mazoyer et al., 2009).

We have recently reported on the behavioral improvements that
result from a multisensory attention training program in older
adults (Mozolic et al., 2009); however it is unknown how these
improvements may relate to underlying changes in brain func-
tion or structure. After completing an 8-week cognitive training
program designed to decrease distractibility, older adults exhibited
significantly greater reductions in interference from cross-modal
distractors than controls. Improvements for participants in the
treatment group also generalized to several other measures of
executive function (Mozolic et al., 2009). In the present report, we
investigate the effects of this training program on regional CBF
during rest and GM volume. To our knowledge, this is the first
reported investigation of cognitive training-induced changes in
brain structure and resting CBF in healthy older adults. Specifically,
we hypothesized that this training regimen, which required repeated
practice at suppressing distracting stimuli during demanding cog-
nitive tasks, would increase resting CBF in the prefrontal cortex
(PFC), a brain area known to be involved in attention and inhibition
(Corbetta and Shulman, 2002; Fassbender et al., 2004; Shomstein
and Yantis, 2004; Weissman et al., 2004). Additionally, we expected
that there would be an increase in GM volume in regions of the PFC
supporting these executive functions trained during the interven-
tion. Finally, we anticipated that changes in regional CBF and GM
volume would be correlated with the behavioral improvements
produced by this novel training program.

MATERIALS AND METHODS

This study used a single-blind, randomized controlled design to
determine the effects of attention training on CBF and GM vol-
ume in healthy older adults. A comprehensive description of the
interventions and the behavioral improvements resulting from this
attention training program has been reported previously (Mozolic
et al., 2009), and will not be the focus of this manuscript.

ETHICS STATEMENT

All participants gave written informed consent and were com-
pensated approximately $20 per hour for their participation in
the study. All study procedures were approved by the Wake Forest
University School of Medicine Institutional Review Board and con-
ducted in accordance with the Declaration of Helsinki.

PARTICIPANTS

Seventy-five healthy older adults between the ages of 65 and 75 were
recruited from the community and screened for eligibility in this
study. Sixty-six participants were determined to be eligible for the
study and were randomized to either the treatment or the control
group. Due to scheduling constraints and MR incompatibility, only
58 subjects completed all scanning and training sessions and will be
considered in the remainder of thisreport (n,_ _ =27,n__ =31,
mean age = 69.5, 31 females). Technical limitations precluded the
interpretation of perfusion data collected from 10 of the partici-
pants, so all CBF data reported are for 48 subjects n =23,

treatment

1o = 25, mean age = 69.3, 26 females). Demographic data for
participants is reported in Table 1.

Potential participants had to meet all of the following inclu-
sion criteria for enrollment in the study: corrected visual acuity of
20/40 or better in both eyes; normal color vision; hearing loss no
greater than 50 dB at 1000 and 2000 Hz; no evidence of dementia
or cognitive impairment as indicated by a Mini-Mental Status Exam
score within 2.5 standard deviations of the mean for their age and
education level (Bravo and Hebert, 1997); no evidence of current
substance abuse, indicated by a score below 10 on the Alcohol Use
Disorders Identification Test (Bohn et al., 1995) and an evaluation
of participant medical history; no evidence of depression, evaluated
using the Medical Care Corporation survey'; no previous brain
surgery, CNS trauma, neurological disorder, or use of antipsychotic
or antiepileptic drugs, as determined by an evaluation of participant
medical history.

Demographic data are presented for participants that com-
pleted all scanning visits of the study and for the subset of subjects
included in the CBF analyses. Standard deviations are in parenthe-
ses, and p-values are from the results of two-tailed ¢-tests compar-
ing the means of the treatment and control groups. There were
no significant differences between the two groups in any of these
demographic variables.

DESIGN

Once participants were enrolled and randomized into the study,
they completed a pre-training MRI scan to evaluate resting CBF
and anatomical structure. Participants then began 8 weeks of either

'www.mccare.com

Table 1| Demographic data for study participants.

Treatment Control p-Value
IMAGING STUDY PARTICIPANTS
Age, years 69.5(3.2) 69.5 (2.5) 1.00
Sex, # females 14 17
Education, years 15.1 (2.0) 16.0 (3.2) 0.20
MMSE, score 28.3 (1.6) 285 (1.9) 0.80
SUBSET INCLUDED IN CBF ANALYSES
Age, years 69.3 (3.2) 69.4 (2.4) 0.95
Sex, # females 12 14
Education, years 15.0 (2.0) 16.2 (3.0) 0.1
MMSE, score 28.3(1.6) 28.7(1.6) 0.33

The italicized values represents standard deviations.

Frontiers in Human Neuroscience

www.frontiersin.org

March 2010 | Volume 4 | Article 16 | 2



Mozolic et al.

Cognitive training increases CBF

the treatment or control training program. Participants in both
groups came to the laboratory for 1 h each week (total training
time = 8 h). After finishing their respective training programs, all
participants completed a post-training MRI scan to re-evaluate
CBF brain structure. All participants also completed pre- and post-
training cognitive evaluations.

INTERVENTIONS

An extensive description of the training interventions has been
reported previously (Mozolic et al., 2009). Briefly, the treatment
program was an individualized attention training program tar-
geting auditory and visual attention that significantly decreased
cross-modal distraction in this population. During training, par-
ticipants practiced active suppression of irrelevant distractors
while completing visual and auditory attention tasks. Visual and
auditory tasks were paired with cross- and within-modality dis-
tractors. Tasks required detecting, classifying, and/or sequencing
visual or auditory presentations of letters, words, and numbers
while ignoring very salient auditory or visual distractors. Several
of these task components were adapted from the commercially
available APT-II program (Lash & Associates Publishing/Training,
Inc., Wake Forest, NC; Sohlberg and Mateer, 1987; Sohlberg
et al., 2000; Lopez-Luengo and Vazquez, 2003). Distractors were
series of short video clips (for visual distractors) or sound clips
(for auditory distractors) of people, places, and events that
provided distraction for the entire duration of each task (2-5 min).
All task stimuli and distractors were presented to participants on
a movie screen and overhead speakers via an LCD projector and
participants made responses on each task by giving verbal or hand-
written answers. Stimuli were sent to the LCD projector from a lap-
top computer with Presentation software’. A member of the study
staff was always present in the training room to record responses,
monitor performance, provide feedback, and control task pres-
entation. Task difficulty for each participant increased adaptively,
based on their performance on previous tasks. This design pro-
vided participants with repeated, continually challenging practice at
suppressing distracting stimuli within and across modalities while
completing demanding cognitive tasks.

The goal of the control program was to provide control par-
ticipants with the same number and duration of laboratory visits,
as well as similar interactions with study staff as participants in
the treatment group, but without focused training on suppressing
distractors. This was achieved using a small-group educational
lecture program that required control participants to come into
the laboratory 1 h each week for 8 weeks, just like the treatment
group. Instead of completing the distractor tasks, however, the
control group attended interactive lectures on various health top-
ics (nutrition, heart disease, etc.). Administration of pre- and
post-lecture quizzes, as well as weekly interactions with doctors,
nurses, and therapists during these control sessions, helped main-
tain the single-blind design of the study. That is, participants were
told that the purpose of the study was to evaluate the effects of
two different training programs, and they were unaware that one
training program had been designated the treatment group and
the other was a control group.

*www.neurobs.com

MRI EVALUATIONS

During each MRI scan session, three different types of scans were
performed: (1) a perfusion scan for evaluation of resting CBF;
(2) a T-1 weighted, high-resolution structural scan; and (3) two
BOLD fMRI scans of functional activity during cognitive tasks. The
functional scans presented modified versions of a within-modality
distraction task (Eriksen and FEriksen, 1974) and a cross-modal
distraction task (Tellinghuisen and Nowak, 2003); however, due
to design limitations and unanticipated effects attributed to the
noise of the scanner environment, we were not able to detect
behavioral changes on the within-modality distraction task, and
the behavioral results from the cross-modal distraction task did
not replicate previously published results from testing performed
outside of the scanner (Tellinghuisen and Nowak, 2003; Mozolic
etal., 2009), therefore only the perfusion and structural imaging
results will be reported here.

The perfusion scan measured regional CBF using pulsed arte-
rial spin labeling (PASL), a non-invasive MRI technique that uses
magnetically labeled arterial blood water as an endogenous tracer
for quantifying blood flow (Yang, 2002; Liu and Brown, 2007).
By subtracting sequential images acquired with and without
spin labeling, it is possible to obtain a measure of tissue per-
fusion (Wong et al., 1998). During the 8.5-min perfusion scan,
participants rested quietly with their eyes open. Participants
viewed a gray cross on a black background, presented through
MR-compatible goggles with an integrated infrared eye tracker
(Resonance Technology, Inc., Northridge, CA, USA) to ensure
that subjects kept their eyes open throughout the experiment. A
high-resolution anatomical image acquired for each participant
was used to assess voxel-wise changes in GM volume with voxel-
based morphometry (VBM).

MRI ACQUISITION AND IMAGE PROCESSING

All images were acquired with a 1.5-T GE scanner using a 4-
channel, quadrature phased array, neurovascular head coil (GE
Medical Systems, Milwaukee, WI, USA). To assess CBF, the
PASL scan employed Quantitative Imaging of Perfusion using
a Single Subtraction with thin slice periodic saturation with a
Flow-sensitive Alternating Inversion Recovery (Q2TIPS-FAIR)
(Kim and Tsekos, 1997; Luh et al., 1999). Q2TIPS-FAIR acquires
data in label/control pairs that are subtracted to generate a
perfusion-weighted image. Imaging parameters are as follows:
echo time = 28 ms; TI, = 800 ms; TI, = 1200 ms; TI = 2000 ms;
TR = 3000 ms; receiver bandwidth = 62.5 kHz; flip angle = 90°;
field of view = 24 cm (frequency) x 18 cm (phase); and acquisi-
tion matrix = 64 X 48 (11 slices, 8 mm thickness, 0 mm slice gap).
A diffusion gradient with an equivalent b value of 5.25 mm?/s is
added to suppress intra-arterial spins (Yang et al., 1998). Prior to
statistical analyses, motion correction was applied to the perfusion
weighted volumes with a six-parameter rigid body transforma-
tion. After motion correction, the difference images were averaged
together and quantitative perfusion maps were calculated from
the equation:

CBF = Am(11,) e(THJ

2M 400 @ TT, g, (T, T TL,)

1,tissue® * 1,blood > 2
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where AM(TL,) is the mean difference in signal intensity between
label and control images, M, ,is the equilibrium magnetization
of blood, o is the tagging efficiency, T1, is the time duration of the
tagging bolus, T1, is the inversion time of each slice, T, . is the
longitudinal relaxation time of blood, and q_is a correction factor
that accounts for the difference between T1 of blood and T1 of
brain tissue (Wong et al., 1998). All other parameters are known or
assumed to be constant (o0 = 0.95, T, = 800 ms, T, blood = 1200 ms).

These quantitative CBF maps measure perfusion in each voxel in
units of ml of blood/100 g of tissue/min. Quantitative CBF maps
for each subject were normalized to the EPI template in SPM5
(Wellcome Department of Cognitive Neurology, London, www.
fil.ion.ucl.ac.uk/spm/software/spm5/).

High-resolution, T1-weighted structural scans were obtained
using an inversion recovery 3D spoiled gradient echo sequence
(matrix size = 256 X 256; field of view = 24 cm; 1.5 mm sections,
no gap; 128 slices; in-plane resolution = 0.94 mm). To assess local
changes in tissue volume, we used VBM, implemented in SPM5.
This method segments each participant’s structural image into
tissue types (GM, WM, and CSF), performs bias correction (for
image intensity inhomogeneities), and spatially normalizes the
image to the standard MNI template in a unified, iterative process
(Ashburner and Friston, 2005). To investigate the absolute vol-
ume of GM rather than relative concentrations, voxel values were
modulated by the Jacobian determinants derived during the spatial
normalization (Good et al., 2001).

STATISTICAL ANALYSIS

All statistical analyses were performed in SPM5, implemented
in Matlab (Mathworks, Inc., Sherborn, MA, USA). To compare
training-induced changes in regional CBF between the groups, we
first created a perfusion difference map for each subject by subtract-
ing their pre-training image from their post-training image. These
difference images were smoothed with an 8 x 8 X 10 mm Gaussian
kernel. A two-sample #-test was then used to compare voxel-wise
differences in CBF changes between the treatment and control
groups. Results were thresholded at p < 0.001 with an extent cor-
rection of p < 0.05. To confirm that any changes in CBF were local,
rather than global, we also performed a ngup X2 o mixed ANOVA
on whole-brain average GM perfusion values. A p-value less than
0.05 was considered statistically significant for this analysis.

We followed a similar procedure to evaluate group differences in
GM volume changes. Difference maps were created by subtracting
each participant’s modulated, normalized, segmented GM image
pre-training image from the post-training one. These images
were then smoothed with an 8-mm isotropic Gaussian kernel. A
two-sample #-test compared differences in training-induced GM
changes between the two groups. In addition to the whole-brain
VBM analyses, we also evaluated GM changes in a region of interest
(ROI) created from the group CBF analysis. This ROI was defined
by a binary mask of all significant voxels found in the whole-brain
group comparison of CBF changes. A 2 oup X 2egssion ANOVA was
used to assess changes in GM volume in the ROI.

To determine whether there was a significant relationship
between regional CBF change and alterations in GM structure
with training, we performed a voxel-wise correlation analysis
between CBF difference images and GM difference images for

each participant using the Biological Parametric Mapping (BPM)
toolbox (Casanova et al., 2007). BPM utilizes the general linear
model to perform multimodal image analyses on a voxel-by-voxel
basis, so this analysis completed a unique correlation between the
perfusion image and the anatomical GM image at each voxel.

To assess the relationship between the imaging results and behav-
ioral improvements following attention training, we also performed
a correlation between perfusion change values extracted from the
CBF ROI (defined above) and response time interference on a cross-
modal distraction task performed by participants during pre- and
post-training cognitive testing. Performance on this task was the
primary outcome measure used in the behavioral evaluation of the
training program and shows significant improvement with training
(Mozolic et al., 2009). In this task, auditory distractors can interfere
with responses to visual targets. After completion of the training
program, however, the treatment group demonstrated significant
reductions in interference, relative to controls [for further details
on behavioral task design and results, please see: (Mozolic et al.,
2009)]. Therefore, we expected larger training-induced increases in
regional CBF among participants who showed greater reductions
cross-modal distraction.

Finally, to explore the power of our findings and plan for future
studies, we calculated voxel-wise power maps to depict the statistical
power and number of subjects needed to detect training-induced
changes in CBF in regions that did not achieve significance in the
current study. Power maps were based on the effect size produced
by the following group contrast: ACBF,_ _ >ACBF__ .Ineach
voxel, we performed two calculations: (1) the number of subjects
required in each group to detect a significant finding with 80%
power and p < 0.05 with a family-wise error rate (FWE) correction
for multiple comparisons; and (2) the power (1 — ) to detect sig-
nificant changes, given n = 50 subjects in each group. These analyses
generated one map where the intensity in each voxel represents the
number of subjects that would be required to detect a significant
finding in that voxel, and a second map where the intensity repre-
sents the power that would be achieved in that voxel if the study
included 50 subjects per group.

RESULTS

As stated above, a complete report on the behavioral improvements
resulting from the attention training program has been previously
published (Mozolic et al., 2009); however, to ensure that behavio-
ral results from the subset of participants included in this imag-
ing study are reflective of those previously reported for the entire
group, we confirmed the main behavioral findings in this group of
23 treatment and 25 control participants. Analyses indicated that
significant training-induced reductions in cross-modal interfer-
ence remained present in this subset of participants, despite the
reduced sample size: significant Group, ..~ XSession_
aining, pos-rsning) interaction (F, , = 4.24,p < 0.05). Additionally, after
training, this subset of part1c1pants demonstrated a significant
improvement in their ability to suppress multisensory distrac-
tion during selective visual attention (t,, = 3.31, p <0.003) and
during selective auditory attention (¢,, = 2 94, p < 0.007). This re-
analysis of the data demonstrates that the subset of participants on
whom we collected CBF data was not qualitatively different from
the larger group analyzed extensively in the previously published
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report. These participants responded to the attention training
program in the same way as the larger group, with decreases in
distractibility and an improved ability to ignore cross-modal sen-
sory noise.

In a voxel-wise analysis of CBF, the treatment group had signifi-
cantly larger training-induced increases in perfusion than controls
in right inferior frontal cortex (IFC; peak voxel MNI coordinates:
40, 48, —15; Figure 1A). Mean perfusion values extracted from
this cluster increased from 42.6 to 59.2 ml/100 g tissue/min for
the treatment group, and decreased slightly for the control group,
from 58.1 to 54.2 m1/100 g tissue/min (Figure 1B).
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FIGURE 1 |Training-related changes in resting CBF. \Whole-brain voxel-wise
analysis of training-induced changes in CBF indicated that the treatment
program produced larger increases in CBF to the right inferior prefrontal cortex
than the control program (A). Quantitative perfusion values extracted from the
region shown in (A) increased from 43.6 to 59.2 ml/100 g/min for the
treatment group and decreased slightly, from 58.1 to 54.2 ml/100 g/min for
the control group (B). There were no significant changes in GM volume in this
region for either the treatment group or controls (C).

As illustrated in Figure 1, between-group differences in CBF
change were driven by the treatment group, where mean perfusion
values increased after training. Although this training-induced
increase served to bring CBF in the treatment group up to the
level of the control group, rather than to exceed CBF in the control
group, these increases in blood flow are still an important result
of the training procedure. To further explore the impact of the
treatment and control programs we also compared whole-brain
CBF in the two groups at the pre-training and post-training time
points. Importantly, there were no voxels that were significantly
different between the two groups at either time point. So although
apost-hoc analysis of CBF values in the right IFC indicated a slight
baseline difference in blood flow between the treatment and control
groups (t,, = 2.62, p < 0.01), the a priori, whole-brain, voxel-wise
analysis indicated that there were no significant baseline differences
in CBF between the two groups. When the threshold was lowered
to explore trends in the data (p < 0.001, uncorrected), there was a
region of the left IFC (peak voxel: —12, 40, —20) that showed lower
CBEF for the treatment group relative controls prior to training,
however this region did not overlap with voxels that showed sig-
nificantly larger training-induced increases in CBF for treatment
group. Post-training, there were no differences between the two
groups at this lowered threshold. When the treatment group and
control group were each analyzed separately, there were no brain
regions that showed significant pre- to post-training increases for
either group; however, there were sub-threshold (p < 0.001, uncor-
rected) increases in CBF to the left ACC (peak voxel: —8, 36, —10)
and the right IFC (peak voxel: 24, 48,—-10) after the treatment inter-
vention. No sub-threshold changes were observed for the control
group. These sub-threshold results are reported to aid in the overall
interpretation of the findings; however, only the between-group
comparison of training-induced changes in regional CBE, reported
at the beginning of this section, yielded significant findings.

The analysis of whole-brain average GM perfusion yielded no
significant effects of group or session and no significant group x
session interaction (all F , < 2.0, all p > 0.05). These results sug-
gest that larger increases in regional CBF for the treatment group,
relative to controls, reflect local changes in perfusion and are not
an artifact of global differences in blood flow.

In a whole-brain evaluation of GM volume, there were no areas
of significant difference between the treatment and control groups.
We also restricted our analysis of GM volume changes to the brain
areas that showed training-induced increases in CBE. However, this
ROI analysis yielded no significant effects of group or session, and
no significant group X session interaction (all F, ;, <2.7,all p > 0.10;
Figure 1C). To further investigate any relationship between changes
in CBF and GM volume, we performed a voxel-wise correlation
analysis for each between pre-to-post CBF values and pre-to-post
GM volumes for each participant. We found no significant cor-
relation in any brain region between training-induced changes in
perfusion and GM volume. These results indicate that increased
CBF to the right IFC following cognitive training was not accom-
panied by measureable alterations in GM volume.

A correlation analysis of CBF changes and behavioral out-
comes following training indicated that there was a modest rela-
tionship between increased perfusion in the right IFC ROI and
reduced cross-modal distraction (Pearson’s r, = —0.32,p < 0.07;
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Figure 2). Although all outliers are removed from the behavioral
data during analysis and there were no outlying points in the
CBF data (%3 standard deviations), to insure that this correla-
tion was not driven solely by the participants with the largest
increases in blood flow, we removed the three highest CBF values.
This analysis still yielded a modest correlation between increased
CBF and reduced cross-modal distraction (Pearson’s r,, = —0.30,
p <0.10). There was no significant correlation between CBF
and distractibility for the control group (Pearson’s r,, = 0.11,
p = n.s). Importantly, these data suggest that participants who
demonstrated larger increases in perfusion following attention
training were also likely to be better at suppressing distracting
cross-modal stimuli.

Voxel-wise power calculations based on the effect size observed
in this study were used to generate a map of the number of subjects
per group that would be required to detect significant training-
induced increased in regional CBF (at 80% power, p < 0.05 FWE
correction; Figure 3A). This map demonstrates that the addition
of several subjects in each group could reveal further areas of
CBF increase, including bilateral IFC, rostral ACC, and medial
frontal cortex (MFC). A second map generated using the voxel-
wise power calculations indicated that the statistical power to
detect training-induced effects, given n = 50 subjects per group,
would be near 70% for regions in right IFC, rostral ACC, and
MFC (Figure 3B).

DISCUSSION

The data presented here demonstrate that a cognitive training
program aimed at reducing distractibility in older adults pro-
duces larger increases in resting CBF than a control program.
These are, to our knowledge, the first data demonstrating that
a cognitive training intervention can improve resting perfusion

5o u

B
[=]

Change in Interference (ms)

-1580

Change in CBF (ml blood / 100g tissue / min)

FIGURE 2 | Relationship between changes in CBF and behavioral
performance. Training-induce increases in resting CBF in the right inferior PFC
were modestly correlated with behavioral reductions in cross-modal
interference after training. Analysis of individual perfusion change values
(extracted from the region depicted in Figure 1A) and changes in the
response time to visual targets during auditory distraction yielded a marginally
significant negative correlation (Pearson’s r = —=0.32, p < 0.07). Decreases in
response time to visual targets during auditory distraction were indicative of
reductions in behavioral interference.

FIGURE 3 | Sample-size and power estimates. Exploratory analyses based
on observed changes in CBF for treatment versus controls yielded voxel-wise
estimates of the number of subjects required in each group to detect a
significant finding with 80% power (A), and the power to detect significant
changes, given 50 subjects in each group (B). Future studies that add several
subjects to each group could reveal more extensive areas of CBF increase,
including bilateral IFC, rostral anterior cingulate cortex (ACC), and medial
frontal cortex (MFC) (A — voxel intensity represents number of subjects
required for significant finding, p < 0.05, FWE corrected). The statistical power
to detect training-induced effects, with 50 subjects per group, would be near
70% for right IFC, rostral ACC, and MFC (B — voxel intensity indicates power
level with n = 50).

rates in healthy older adults. In a whole-brain analysis of training-
induced changes, the right IFC exhibited larger CBF increases in
the treatment group than in the control group. Further, there was
a modest correlation between enhanced CBF in this region and
reduced cross-modal distraction following training, suggesting
an important link between perfusion increases and behavioral
improvements.

One potential concern with these results is that, due to slightly
lower baseline CBF levels in the right IFC region for the treatment
group than for controls, increases in CBF for the treatment group
raised CBF levels to those of the control group, rather than to lev-
els that exceeded the control group. Although regression to the
mean is one possible explanation for these results, several factors
indicate that increased resting CBF for the treatment group is not
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simply an artifact of lower baseline CBE. First, in a whole-brain
voxel-wise analysis of pre-training perfusion levels, there were no
brain regions that showed significant between-group differences.
This finding indicates that there were no detectable baseline dif-
ferences between the two groups when looking across the entire
brain. Additionally, there were no pre-training differences between
the two groups in the behavioral cross-modal distraction task, yet
the treatment group showed larger reductions in cross-modal dis-
traction than controls and reductions in distraction were modestly
correlated with increased resting CBF in the right IFC. Nevertheless,
a larger sample size would likely improve the randomization pro-
cedure and reduce the likelihood of baseline differences between
the two groups.

The rostral inferior region of the PFC (corresponding with
Brodmann’s Area 10) that exhibited training-induced CBF increases
is highly interconnected with other areas of the PFC, as well as the
cingulate cortex (Barbas and Pandya, 1989; Arikuni et al., 1994;
Ramnani and Owen, 2004). Cells of the rostral PFC also have a
very high density of dendritic spines relative to other areas of the
PFC, suggesting that this area plays an important role in integrating
incoming information (Jacobs et al., 2001; Ramnani and Owen,
2004). Additionally, this region has been implicated in a number
of the functions required for successful completion of the training
tasks used in this program, including maintenance of attentional
set, prospective memory, and multi-tasking (Koechlin et al., 1999;
Burgess et al., 2001,2007; Velanova et al., 2003; Dreher et al., 2008).
For example, a representative training task visually presented a
series of words during ongoing auditory noise. Participants were
required to remember to press a buzzer only on target words (i.e.
words that contained one more letter than the previous words)
and to ignore salient auditory distractors. Nearly all tasks required
participants to remember to perform one or a series of actions when
the appropriate cue was detected and to maintain focus on sev-
eral different complex tasks in the face of distracting information.
Repeated engagement of rostral frontal cortex networks during
such training tasks that exercised prospective memory, attentional
control, and multi-tasking may have altered synaptic connectivity
or metabolic demand and resulted in the observed increase in rest-
ing perfusion rates. Additionally, BA10 has also been implicated,
along with the medial temporal and visual cortices, in the genera-
tion of spontaneous thought (Christoff et al., 2004). Interestingly,
our results do not show any training-induced differences in tem-
poral or visual CBF; however, analysis of subthreshold results
(Figure 3), shows group differences in medial frontal and anterior
cingulate cortices, brain regions typically associated with limiting
distraction and cognitive control (Weissman et al., 2004; Botvinick,
2007). These results, along with behavioral improvements in task
performance, indicate that increases in IFC activity after training
are related to changes in attentional control mechanisms, rather
than differences in spontaneous thought processes. Incorporating
verbal reports or other measures of behavior during resting scans
could help to clarify this issue in future studies.

A recent study by Mazoyer et al. (2009) demonstrated that in
young adults, cognitive training on reasoning bias improved per-
formance on logical reasoning problems and increased CBF at rest.
Importantly, these changes were noted on the same day, after a single
30- minute training session and included increased CBF during rest

in the IFC and anterior cingulate, as well as other areas of the PFC
and the thalamus (Mazoyer et al., 2009). These findings in young
adults parallel the results presented here in older adults and indicate
that changes in resting perfusion rates can occur almost immediately
following the acquisition of new skills or knowledge.

The results of the present study are also in accord with data
from a number of experiments demonstrating that increased fron-
tal activity corresponds with improved outcomes for older adults
on a wide range of cognitive tasks (Grady, 1996; Reuter-Lorenz
et al., 2000; Cabeza et al., 2002, 2004; Langenecker and Nielson,
2003; Grady et al., 2005); although see also (Colcombe et al., 2005;
Rypma et al., 2005). For example, Cabeza et al., (2002) have shown
that older adults who exhibited increased bilateral PFC activity
compared to young adults during source memory retrieval also
displayed superior performance on this task relative to older adults
who did not increase bilateral frontal activity. Increased regional
CBF observed in our study may be a compensatory mechanism
activated by training to overcome neural or metabolic declines in
the PFC, although evidence for this hypothesis is limited by the
lack of a young control group in this study.

Another point to consider is that the standard resting condition
used in this study and in many others (e.g., Raichle et al., 2001;
Uludaget al., 2004) could have been approached differently by the
treatment and control participants. The resting condition required
subjects to maintain fixation on a cross during the presence of scan-
ner noise, and thus the treatment group could have been employing
practiced skills in attention and suppression of distracting stimuli.
However, we observed no differences between the two groups in
CBF to the visual or auditory cortices, areas that would be expected
to show increases and decreases in activity, respectively, if the treat-
ment group was actively focusing visual attention and suppressing
auditory activity. Additionally, due to the fact that increases in CBF
were correlated with improvements in behavioral performance,
our results suggest that training influenced not only resting activ-
ity, but also task-related activity. Additional studies incorporating
fMRI during attentionally-demanding tasks will be important for
determining the relationship between training-induced changes in
rest- and task-related blood flow and brain activity.

Because this was a relatively small pilot study powered to detect
behavioral changes associated with training, we also examined the
power of the perfusion finding and the sample size required to detect
changes in regions that did not achieve significance in this study.
These exploratory analyses indicated that sub-threshold increases
in CBF extended bilaterally in the rostral IFC and also included
regions of the ACC. Thus, future studies with larger sample sizes
may be able to detect more widespread increases in perfusion after
cognitive training.

In contrast to the perfusion results and our initial hypothesis,
we observed no significant change in GM volume following train-
ing. Voxel-wise correlations between A CBF and A GM volume
also indicated that there was no significant relationship between
perfusion changes and alterations in brain structure. These results
suggest that training-induced increases in resting CBF were not
accompanied by any detectable growth of cortical or subcortical
tissue. It is possible that our study did not continue long enough
or was underpowered to detect changes in GM volume. Based on
our findings, however, it is possible that the cerebral vasculature
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response to cognitive training may be a more sensitive marker
for evaluating short-term interventional outcomes than VBM.
Although previous studies have demonstrated increases in tis-
sue volume following training in older adults, these interventions
involved aerobic exercise (Colcombe et al., 2006) or skill learn-
ing (Boyke et al., 2008), rather than cognitive training. Animal
models indicate that environmental enrichment, which typically
encourages both motor activity and spatial learning, can pro-
mote neuronal proliferation and survival in the hippocampus as
well as dendritic branching in the cerebellum of aging rodents
(Greenough et al., 1986; Churchill et al., 2002; Kempermann et al.,
2002). It may be possible that cognitive training alone is not suf-
ficient to produce noticeable changes in GM volume; however,
combining practice on cognitive and motor tasks with cardiovas-
cular fitness training regimens could yield larger results than any
individual component.

In conclusion, the results of this study demonstrate that a cog-
nitive training program that reduces cross-modal distraction in
older adults also produces larger increases in CBF to the PFC than
a control program. These changes were not accompanied by altera-
tions in tissue volume, but were modestly correlated with behavioral
improvements, suggesting that CBF may be a more sensitive marker
of training-induced improvements than GM volume. Future trials
that integrate various training modalities, valid measures of task-

related activity (fMRI), and/or larger study populations may gener-
ate more widespread functional and structural brain changes and
additional functional gains for older adults. Finally, the addition
of a control group of young subjects could determine whether
training-induced changes are specific to older participants or could
benefit younger adults as well.
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