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Abstract
Prior work by our group and others has implicated the basal ganglia as important in age-related
differences in tasks involving motor response control. The present study used structural and
functional MRI approaches to analyze this region of interest (ROI) toward better understanding the
contributions of structural and functional MRI measures to understanding age-related and task
performance-related cognitive differences. Eleven healthy elders were compared with 11 healthy
younger adults while they completed the “go” portion of a complex Go/No-go task. Separate ROI’s
in the bilateral caudate (C) and putamen/globus pallidus (PGp) were studied based upon previous
findings of age-related functional MRI differences in basal ganglia for this portion of the task.
Structural volumes and functional activation (in percent area under the curve during correct
responses) were independently extracted for these ROI’s. Results showed that age correlated with
ROI volume in bilateral PGp and C, while multiple task performance measures correlated with
functional activation in the left PGp. The Go/No-go task measures were also significantly correlated
with traditional attention and executive functioning measures. Importantly, fMRI activation and
volumes from each ROI were not significantly inter-correlated. These findings suggest that structural
and functional MRI make unique contributions to the study of performance changes in aging.
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1. Introduction
Healthy aging is associated with some well characterized cognitive changes, but their etiology
is not well understood. The development of in vivo neuroimaging techniques, such as
functional magnetic resonance imaging (fMRI) and positron emission tomography (PET), and
MRI techniques examining structural volumes (volumetric MRI—vMRI), are contributing to
a better understanding of the physiological processes underlying cognitive tasks and the
foundations of cognitive changes in both normal and abnormal aging. There are now various
studies examining the structural integrity of the brain in aging, as well as studies examining
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its functional integrity. While age-related changes are evident using both approaches, few
studies have concurrently examined both structural and functional integrity. Such studies are
needed because some of these cognitive changes, which affect basic processes such as
processing time (Salthouse, 1996), as well as more complex functions such as working memory
and behavioral inhibition (Kramer et al., 1994; Langenecker et al., 2004; Park et al., 2002),
might be better understood by the concurrent or differential use of these strategies.

Volume-behavior and volume-age relationships have been explored over the past two decades
using vMRI. There is a body of literature indicating global volumetric decreases in elders
(Mueller et al., 1998; Resnick et al., 2003); and more region-specific age-related volume
reductions, most commonly involving fronto-striatal and hippocampal structures (Golomb et
al., 1993; Head et al., 2002; Lupien et al., 1998; Raz et al., 1997, 2000; Tisserand et al.,
2000; Van Petten, 2004). Volume reductions are related to severe general cognitive decline in
pathological aging and are used diagnostically for Alzheimer’s disease (Kantarci and Jack,
2003). However, when evaluating the relationship between volumetric measurements and
cognitive ability in healthy elders and across the age range, effect sizes have been weak to
modest at best, with only weak relationships with subcortical, basal ganglia and hippocampal
regions and weak to more moderate relationships with total volume and cortical regions,
particularly dorsolateral prefrontal cortex (Andreasen et al., 1993; Egan et al., 1994, 1995;
Flashman et al., 1997; MacLullich et al., 2002; Raz et al., 1993; Walhovd et al., 2005; Wickett
et al., 1994; Yeo et al., 1987). Moreover, comparisons between basal ganglia volume and
executive function and motor planning tasks (such as the Wisconsin Card Sorting Test) indicate
only weak, yet significant relationships (Head et al., 2002). Thus, the volume-behavior
literature overall suggests that other factors and more performance-specific techniques might
be fruitfully pursued towards understanding the interface between brain and behavior in aging.
One of these techniques might be functional brain activity, as measured by fMRI, because
functional activity may be affected by different factors than is brain volume.

fMRI, developed in the 1990s, measures the hemodynamic changes within the brain areas
supporting cognitive tasks. Functional neuroimaging research (i.e., fMRI and PET) with elders
suggests that the specialized neural networks tend to be recruited differently with age (Cabeza,
2002). Specifically, older adults have been shown to recruit neural regions to a lesser extent
than younger adults in some studies (Rypma and D’Esposito, 2000; Stebbins et al., 2002).
Other studies report recruitment in some task-related regions to a comparable or lesser degree
accompanied by increased activation of other regions (Cabeza et al., 2004; DiGirolamo et al.,
2001; Langenecker et al., 2004; Madden et al., 2004). These areas of increased activation are
frequently in homologous areas contralateral to the regions activated in younger adults,
typically in the frontal lobes and basal ganglia (Nielson et al., 2002; Reuter-Lorenz, 2002;
Rosen et al., 2002). Additionally, some evidence suggests that age-related increases in
activation are related to better task performance (Nielson et al., 2002; Rosen et al., 2002), while
other studies have found age-related activation increases related to poorer performance
(Dickerson et al., 2004). Increased activation related to better performance supports a
functional compensation view (see Cabeza, 2002), which is also consistent with a prominent
view in the stroke literature (Cao et al., 1998, 1999; Cramer et al., 1997). Increased activation
related to poor performance may suggest activation foci that interfere with optimal
performance, or foci that are compensatory, but do not provide sufficient compensation to
attain optimal performance levels (Langenecker and Nielson, 2003).

Only a few studies have employed functional and volumetric MRI concurrently to assess their
distinct contributions to understanding cognitive performance, in aging, only one of which was
in normal aging. The study that pursued vMRI and fMRI in normal aging indicated that elders
had decreased activation relative to young adults in a left middle and inferior frontal gyrus
cluster during a dichotic listening, working memory task and reduced volume in an overlapping
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anatomical area. This activation was interpreted as decreased interference resolution (e.g.,
decreased recruitment) between the prepotent right ear advantage and the desired left ear
instruction (Thomsen et al., 2004). A second study combining functional and volumetric
measurements of mild cognitive impairment demonstrated a significant difference in activation
in the right parahippocampal gyrus between those who later did and did not decline in cognitive
ability, but no volumetric differences between these groups (Dickerson et al., 2004). A third
study comparing AD patients to healthy adults reported that AD patients had decreased
activation in the left inferior frontal gyrus during semantic decision-making that was correlated
with decreased volume in the region (Johnson et al., 2000). In these studies, although
relationships between vMRI and fMRI were discussed, there was no exploration of the
relationships between performance and volume or performance and activation. Explorations
of this type may have clarified the nature of age-related differences in light of recruitment or
interference interpretations.

The present study was designed to address functional and volumetric contributions to age- and
performance-related differences in response control on a specific type of Go/No-go (GNG)
task, focusing on the “Go” response execution activation. GNG tasks can vary greatly in the
types of stimuli, the timing of stimuli, similarity of target and non-target stimuli, or proportion
of “go” and “no-go” items. In fact, many use “static” or constant target and distractor stimuli
throughout the task (e.g., green=go, red=stop) and these are virtually indistinguishable from
continuous performance tasks. In contrast, “context-based” GNG tasks include a rule for
changing or shifting the target and distractor stimuli during the test. Thus, the to-be-inhibited
distracter is dependent upon the context, or previous performance and stimuli presented.
Performance on context-based GNG tasks has been shown to correlate with performance on
traditional executive functioning measures (e.g., Langenecker and Nielson, 2003; Nielson et
al., 2002). Thus, these tasks have been purported to require attention, set-shifting, processing
speed and inhibitory control (Langenecker and Nielson, 2003; Nielson et al., 2002;
Langenecker et al., in press; Garavan et al., 1999).

For the present study, healthy older and younger adults performed a context-based GNG task
in order to evaluate whether functional and volumetric MRI in the basal ganglia make unique
contributions to understanding age- and performance-related task differences. The importance
of the basal ganglia to response control (i.e., “go” responses) on GNG tasks is supported by
our previous work (Langenecker and Nielson, 2003; Nielson et al., 2002; Langenecker et al.,
in press), and by the work of others in healthy aging (Hager et al., 1998), Parkinson’s disease
(Atasoy et al., 2004; Owen, 2004), developmental disorders such as ADHD and Tourette’s
syndrome (Adams et al., 2004; Casey et al., 1997; Castellanos et al., 1996; Channon et al.,
2003), cerebrovascular incidents (Cao et al., 1998, 1999; Cramer et al., 1997), and vMRI studies
in aging (Raz et al., 2003).

We expected poorer performance in elders relative to young adults, as well as increased basal
ganglia activation in elders compared to young. Furthermore, we subdivided the basal ganglia
into four vMRI regions of interest (ROI’s; left and right Caudate (C) and Putamen/Globus
Pallidus (PGp)), expecting smaller structural volume in these ROIs in elders relative to younger
adults. We also examined the relationships between functional activation for correct “Go”
events and volume in these basal ganglia sub-regions, particularly as they relate to age and task
performance, hypothesizing that functional activation would be better related to task
performance than volume. The relationships between functional activation and volumes in the
ROIs of interest were expected to be modest at best, supporting independent contributions of
these regions to the understanding of age-related changes in cognitive functioning. Finally,
relationships were explored between GNG performance and additional attention and executive
functioning measures in elders toward better definition of the task and its place in the broader
cognitive aging literature.
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2. Results
2.1. Performance data

Older adults performed more poorly than younger adults in PCTT (Percent Correct Target
Trials, F(1,20)=8.9, p=0.007, eta2=0.31), but did not differ from younger adults in PCIT
(Percent Correct Inhibition Trials, F(1,20) = 0.20, p = 0.66, eta2=0.01) or RTT (Response Time
to Targets, F(1,20)=0.94, p=0.34, eta2=0.05). As expected, the performance groups (defined
by median split) differed in PCTT (F(1,20)=44.1, p=0.0001) and PCIT (F(1,20)=5.8, p=0.03),
but not in RTT (F(1,20)=2.2, p=0.14, eta2=0.31), and with age as a covariate to control for age
as a potential confound in the performance data. Fig. 1 illustrates the median split based upon
PCTT performance. It should be noted that although older adults performed more poorly than
young adults in PCTT, analyses of activation during these trials included only correctly
performed trials, which serves to better equate the groups on performance-related activation.

2.2. fMRI analyses
Repeated-measures ANOVA was computed with age group and performance group as the
independent variables and PAUC values for side (left hemisphere, right hemisphere) and
structure (C, PGp) as the dependent variables. There was a significant interaction between age
group and structure, (F(1,18)=9.58, p=0.005, eta2=0.33) indicating greater PGp and lesser C
activation for elders relative to young participants. The main effect of age group was not
significant (F(1,18)=0.06, p=0.80, eta2=0.03), while the effect of side (F(1,18)=4.11, p=0.06,
eta2=0.19, greater activation on the left), and the interaction between age group, performance
group and structure (F(1,18)=3.84, p=0.07, eta2=0.18) were marginal trends. All other main
effects and interactions were non-significant (p’s>.17).

While the effect sizes of the significant effects were quite strong, supporting the validity of the
analysis, the statistical power was quite limited due to the small sample in this study.
Additionally, the literature indicates that age-related differences in functional activation often
differ by hemisphere. Thus, we did a follow-up analysis by computing the RMA-NOVA results
separately by each hemisphere to better understand the interaction and trend effects in the
primary analysis. For the left hemisphere, there was a significant main effect of structure (F
(1,18)=5.07, p=0.037, eta2=0.22; PGP>C), a trend toward a main effect of performance group
(F(1,18)=3.83, p=0.066, eta2=0.18; poor>good), and a significant interaction of structure×age
group (F(1,18)=6.60, p=0.019, eta2=0.27; old>young in PGp; young>old in C). Noting that
the participants were right-handed, activation in these structures in the left hemisphere was
expected. Fig. 2A shows the significant effects and the nearly significant trend of performance
group. That is, it is apparent that in both age groups, poor performers activated both regions,
particularly the PGp to a greater degree than did good performers. For the right hemisphere,
there was a significant structure×age group interaction (F(1,18)=6.06, p=0.024, eta2=0.25;
old>young in PGp; young>old in C) and a significant structure×age group×performance group
interaction (F(1,18)=4.59, p=0.046, eta2=0.20). Fig. 2B demonstrates the significant
interaction, showing generally greater activation for poor performers in both age groups in the
PGp, but in C, only the poor young performers had elevated activation.

2.3. vMRI analyses
Repeated-measures ANOVA was also computed with age and performance groups as the
independent variables and volume (mm3) values for side (left hemisphere, right hemisphere)
and structure (C, PGp) as the dependent variables. There was a main effect of age (F(1,18)
=24.5, p<0.0001, eta2=0.58; young> old). No other main effects or interactions were significant
or at the trend level (p’s>0.16). There was no difference between elders and young in total
intracranial brain volume estimate (t(20)=−0.75, p=0.46).
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A follow-up analysis separately for each hemisphere was also computed to match the analysis
done for fMRI. For both left and right hemispheres, there were two significant effects: age,
where young had significantly greater volume in both structures than old (Left: F(1,18)=13.95,
p=0.002, eta2=0.44; Right: F(1,18) =23.46, p <0.0001, eta2=0.57); and structure, where PGp
had greater volume than C (Left: F(1,18)=37.66, p<0.0001, eta2=0.68; Right: F(1,18)=34.49,
p<0.0001, eta2= 0.66). The structure main effect, however is not meaningful in this analysis
because the area in voxels covered by the PGp is inherently larger than that measured for C.

2.4. Intercorrelations
Exploratory correlations were computed between vMRI and fMRI measurements and Go/No-
go performance and age (see Table 1). Due to the small sample size, correction for multiple
correlations was not feasible. Correlations between volume and activation were low for all the
structures (all r’s<0.23). The correlations between regional activation indices and total brain
volume in the AC–PC plane were more variable, but in the direction of increasing activation
with decreasing volume (range r=−0.22 to r=−0.52). Indeed, only one of these correlations
was significant, showing greater right PGp activation with lesser total brain volume (r=−0.52).
Notably, vMRI measurements were generally strongly correlated with one another
(range=r=0.55 to r=0.92), but were not well correlated with functional activation (all r’s
smaller than ±0.23) or with whole brain volume (r’s<0.21). fMRI measurements were also
moderately correlated with one another (range r=0.29 to r=0.62). Only one activation measure,
the left PGp, was significantly correlated with GNG task performance measures (rs=−0.55,
p<0.01). The relationship, and how it was distinguishable by PCTT performance but not by
age group, is illustrated in Fig. 3.

Table 2 also depicts correlations in older adults between performance on the Go/No-go task
with age, and performance on attention and executive functioning tasks. Due to the small
number of subjects, correction for multiple correlations was not feasible. Importantly, the Go/
No-go task performance measures were significantly correlated with each other and with
measures of attention and executive functioning. In contrast, participant age did not correlate
significantly with these measures or with any fMRI measures, but it was significantly correlated
with each of the vMRI measures.

3. Discussion
The purpose of the current study was to evaluate structural and functional MRI in the basal
ganglia as they relate to age- and performance-related differences on a motor response control
task. The task used involved response execution for complex, context-based “go” response
execution for a go/no-go task. This task has been shown to involve some degree of executive
control, including attention, set-shifting and motor control ability (Langenecker et al., in
press; Langenecker and Nielson, 2003; Nielson et al., 2002; Garavan et al., 1999). These
cognitive domains exhibit change in normal aging, and as expected, older adults made more
errors on this aspect of the task than did young adults. Indeed, elders’ performance on the Go/
No-go task also correlated well with their performance on traditional executive functioning
tasks. With respect to functional activation, significant interactions in both hemispheres
demonstrated that elders had greater overall activation in the bilateral putamen/globus pallidus
and lesser activation in the caudate, relative to young adults. In a previous study that spanned
the adult age spectrum, we also showed that older adults had less caudate activation during this
aspect of the GNG task than did young adults (Nielson et al., 2002). Furthermore, a 3-way
interaction of region, age group and performance group in the right hemisphere suggested that
while poorer performers had generally greater activation than better performers in the putamen/
globus pallidus, in the caudate this was true only for the young participants. The particularly
strong right caudate activation in young poor performers suggests that this activation may be
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compensatory (i.e., recruitment) and that older adults may be less able to invoke this mechanism
to support performance. Finally, poorer performers in both age groups had generally greater
left hemisphere activation for both the PGp and C, and activation in the left PGp significantly
correlated with each of the behavioral response measures on the task. Thus, the results suggest
that in right-handed participants, the left putamen/globus pallidus may principally underlie
performance on this task, while the right hemisphere PGp and the bilateral caudate, at least in
young participants, may serve to support task performance. Moreover, functional MRI revealed
differences between the age groups, but also within and between age groups based on task
performance. In the left hemisphere, and particularly in the left PGp, performance group
exclusively distinguished activation (see Fig. 3).

The present study also replicated prior studies showing a generalized volume reduction in
elders as compared to young adults in the basal ganglia (Convit et al., 1995; Pruessner et al.,
2001; Raz et al., 1993, 1997; Soininen et al., 1994; Tisserand et al., 2000). Some previous
studies have also reported moderate correlations between structural atrophy and cognitive
performance (Coffey et al., 2001; Raz, 2000; Tisserand et al., 2004). The current study found
only weak to modest, non-significant correlations between task performance variables and
basal ganglia regional volumes. The previous studies had larger samples, which could explain
the lack of effect in the present study. However, most of the previous studies also used more
general cognitive measures or more global volume measures than employed here (Coffey et
al., 2001; Tisserand et al., 2000, 2004). Furthermore, some studies have shown that when age
is taken into account, correlations between regional volume and task performance disappear
(Tisserand et al., 2000). Indeed, participant age was significantly correlated with each of the
regional volume measures. Thus, while vMRI was sensitive to age per se, functional activation
in basal ganglia was more specifically related to performance- and age-related differences in
response control than was regional brain volume.

The distinct findings for volumetric and functional MRI measures in this study suggest that
vMRI and fMRI are sensitive to different aspects of aging, such as vMRI being more sensitive
to age-related changes generally and fMRI being more sensitive to specific performance
abilities. If so, vMRI and fMRI also should be only modestly correlated with one another.
Indeed, structural volume and fMRI activation were generally not significantly correlated.
Therefore, atrophy within a structure did not dictate the extent to which fMRI activation
increased under task demand (i.e., the extent of compensation or recruitment). One exception
to this was that activation in the right putamen/globus pallidus did significantly correlate with
total brain volume, such that those with smaller brain volumes activated the right PGp to a
greater extent. Given that the left PGp was most central to task performance (in right-handed
participants), the right PGp may serve to support task performance when such support is
needed. In contrast to the lack of regional volume correlations with task performance or
activation, this correlation may therefore imply that more support from this recruitable region
is needed in those with greater generalized brain atrophy. The current results also suggest that
additional study of these relationships in the basal ganglia are warranted using additional tasks
and regions to help elucidate whether structural and functional measures can distinctively
contribute to better understanding and prediction of age- and disease-related cognitive change.

The main limitations of the present study is the small number of participants in each group and
the distinct performance range of the two groups. Most aging and clinical studies have inherent
difficulties in equating subject groups on performance. Indeed, such differences are typically
the focus of study. As such, age and performance can be somewhat confounded. One advantage
of event-related fMRI designs is that task activation can be analyzed exclusively for correctly
performed trials. This approach was used in the present study, thereby allowing better exclusion
of error contributions to functional maps, and better equating of performance in the groups.
Furthermore, the robust findings within this small sample lend credibility to the interactions,
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between age, performance, and structure and suggest that investigations of this type can be
particularly fruitful. The current study also focused exclusively on the basal ganglia. Similar
structure–function studies that examine additional tasks and regions would now be very
valuable to help delineate the roles of structural and functional measures in aging research. For
example, the prefrontal cortex has been demonstrated to be susceptible to both structural
atrophy and functional recruitment changes with age, and plays a significant role in executive
functioning (Volkow et al., 2000). A similar analysis including this region could further
delineate the age-related neurophysiological mechanisms of decline in executive functioning.

In conclusion, the present study provided a unique direct test of the sensitivity of structural and
functional neuroimaging in detecting age- and performance-related cognitive differences. The
findings support more indirect studies that concluded that cognitive aging is only weakly to
modestly related to volumetric changes (Dickerson et al., 2004; Head et al., 2002; Johnson et
al., 2000; Thomsen et al., 2004). Indeed, performance differences were similarly not detected
by volumetric measures in either younger or older adults. In contrast, functional MRI detected
both age-related and performance-related task differences, as well as their interactions. In
addition, activation in the regions associated with the task correlated significantly with task
performance. Thus, although brain volume decline occurs in the vast majority of elders,
functional decline is not necessarily associated with it. Rather, functional changes may
sensitively and specifically aid in predicting cognitive change in aging before volumetric
change is evident.

4. Experimental procedures
4.1. Subjects

Eleven healthy younger (M=28.1 years, S.D.=4.1, range 25–32) and 11 healthy older (M=72.8
years, S.D.=3.5, range 67–77; t(20)=27.62, p=0.0001) participants with comparable years of
education (t(19)=−1.16, p=0.26) participated in the current study. The younger group was
composed of four males and seven females, and the older group was composed of three males
and eight females. The participants were recruited through advertisements at a small
Midwestern University and were paid $10 for participation. Signed informed consent was
obtained from all participants in accordance with approval of the Institutional Review Boards
of the Medical College of Wisconsin and Marquette University and consistent with the
Declaration of Helsinki.

For the older adults, normal cognitive and emotional status was verified by prescreening using
an extensive phone interview, by screening at the time of the evaluation using the Mini Mental
State Exam (MMSE>27; Folstein et al., 1975) and the Geriatric Depression Scale (GDS
long<9; Sheikh and Yesavage, 1986), and by a 3-h neuropsychological battery. Cognitive
domains tested included memory (Logical Memory, Visual Reproduction (Wechsler, 1997) );
executive functioning (Trail-Making Test, Lezak, 1995; Wisconsin Card Sorting Test, Grant
and Berg, 1948; Digit Symbol, Wechsler, 1997; and Digit Span, Wechsler, 1997); verbal
fluency (Controlled Oral Word Association, Benton et al., 1978), and verbal/abstract reasoning
(Similarities, Wechsler, 1997). Using the criteria of Petersen and colleagues (Petersen et al.,
1999), all older participants performed within the normal range for their age. The means and
standard deviations for demographic and selected neuropsychological tests are reported in
Table 3. Young adult participants were also screened using an extensive phone interview to
rule out any psychiatric, neurological, or other medical factors that might influence cognitive
performance. They were also given the MMSE and GDS to assure scores within normal range
and uniformity across groups; all young participants had MMSE scores>28 and GDS scores<9
(see Table 3).
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4.2. Go/No-go task
The Go/No-go task (Langenecker and Nielson, 2003; Nielson et al., 2002) was administered
with Superlab Pro 2.0. In this task, participants were required to press a button on a keypad in
order to respond to the presentation of alternating target letters (e.g., x, y, x), such that they
were required to inhibit a response to a letter the second time it was presented without an
intervening other target letter. The letters are presented centrally in a serial stream, with a
presentation time of 500 ms. The task was administered in two blocks of trials. Single,
lowercase letters printed in black were presented serially every 500 ms on a white screen, with
an interstimulus interval of 0 ms and a mean inter-lure interval of 14 s. Non-target letters are
included in the inter-target and inter-lure intervals. Only activation for responses to correct
targets was used in the present event-related study. Note that the working memory sets for
“target” and “lure” change after each target such that a response to “x”, which was the previous
target, changes the working memory set from x=target, y=lure to the working memory set of
y=target and x=lure. Fig. 4 depicts the Go/No-go task. Functional data were collected in
identical manners in all sessions. Dependent variables included Percent Correct Target Trials
(PCTT; attention and set-shifting), and Percent Correct Inhibition Trials (PCIT; inhibitory
control), and Response Time to Targets (RTT; processing speed).

4.3. fMRI and volumetric MRI acquisition
A 1.5T GE Signa scanner equipped with a 30.5 cm i.d. 3-axis local gradient coil and an
endcapped quadrature birdcage radio-frequency head-coil was used for brain imaging. Soft
foam padding was used to limit head movements, and earplugs were used for hearing
protection. Prism glasses (with correction, as necessary) were used to view the task, which was
back-projected on a screen at the subject’s feet. For vMRI data, 124 high-resolution T1-
weighted spoiled GRASS anatomic images were collected (TE=5 ms, TR=24 ms, flip angle
45°, FOV 24 cm, thickness 1.1 to 1.3 mm with no gap, matrix size 256*256). For fMRI data,
19 contiguous sagittal slices 7 mm thick were acquired using a blipped gradient echo-planar
pulse sequence (TE=40 ms, TR=2000, FOV=24 cm, 64×64 matrix, 3.75×3.75 in plane
resolution).

4.4. Volumetric MRI data measurements and analysis
All images were copied so that there were duplicates of each subject and all identifying
information was removed. Volumetric images were transformed to Talairach coordinates in 3
dimensional orientation within AFNI (Cox, 1996) prior to volumetric analyses to assure
veracity of fMRI vs vMRI comparisons. Images were compared visually before and after
Talairach transformation to detect any structural size distortion; no major distortions were
evident in gray or white matter measurements, while ventricle size increased after the
transformation.

Structure boundaries were cross-referenced between several well-known brain atlases and
software programs to assure accuracy of tracing (Haines, 1983; Hendelman, 2000; Talairach
and Tournoux, 1988; Warner, 2001). Structural landmarks were used to separate the caudate
from the globus pallidus and putamen (anterior limb of the internal capsule). As the
differentiation between putamen and globus pallidus was difficult to make, all gray matter
between the internal capsule and external capsule was included as one structure (putamen and
globus pallidus: PGp). A substantial proportion of the PGp extended below the AC–PC axial
plane. Due to difficulties differentiating the anterior aspect of the PGp below this plane, only
volume above the AC–PC axial plane was included in PGp volumes. Likewise, the caudate
(head, body and tail; C) were defined by the gray matter rostral to the anterior limb of the
internal capsule and the lateral ventricle and superior to the AC–PC axial plane. Finally, brain
volume (BV) was computed in the axial plane through the AC–PC line and perpendicular to
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the longitudinal fissure. Fig. 5 illustrates C, PGp, and BV measurements in the AC–PC plane
for one sample brain. Total mm3 was computed for each of these structures.

The figures were traced in the axial plane from a line parallel with the anterior–posterior
commissure line as an inferior border and through each image until the caudate body was no
longer visible. Images were traced principally by one author (NMH, >90%), blind to group
memberships. After initial tracing was completed, reliability coefficients were computed,
ranging from 0.72 to 0.91. To enhance reliability, NMH retraced all 44 anatomies, again blind
to group status and to initial difference between anatomy 1 and anatomy 2 of each participant.
Retracing (or correcting) was done in axial, sagittal, and coronal planes within the 3D AFNI
viewers (Cox, 1996). After completion, correlations between 1st and 2nd volumetric
measurements were greater than .93 for all structures.

4.5. fMRI data analysis
All data processing was conducted with the software package AFNI v2.2 (Cox, 1996).
Algorithms used to detect and correct for three-dimensional motion and edge detection were
applied to the functional echo-planar images after transformation from Fourier space. Subjects’
functional images were viewed cinematically to detect uncorrected head movements.
Regression canonicals were used separately for targets, rejections (correct inhibitory trials),
commission errors, omission errors, and missed opportunities, so that activation related to these
wanted (target) and unwanted (all other cognitive/behavioral) events would not confound
response-based activation or contribute to measurement error. The results from the inhibitory-
correct lure trials, or rejections are reported elsewhere (Langenecker and Nielson, 2003).
Activation changes for valid, correct target trials were averaged together to obtain a mean signal
response for each voxel using a deconvolution procedure and an impulse response function
was generated for target events. A non-linear regression (NLR) optimization procedure, which
is effective in separating signal that can be attributed to neuronal action from noise in functional
images in both the healthy young and healthy elders, was used to model the averaged functional
datasets with a gamma-variate function. Area under the curve for each voxel was expressed as
a percentage of area under the hemodynamic response (PAUC) corrected by baseline activation
(Garavan et al., 1999; Langenecker and Nielson, 2003; Nielson et al., 2002). Individual
functional maps were converted to the standard stereotaxic coordinate system (Talairach and
Tournoux, 1988) after which a 4.2 mm full-width-at-half-maximum isotropic Gaussian filter
was applied.

4.6. Extraction of functional activation from ROIs
Once anatomies were defined, average (non-zero) functional activation was extracted for each
structure in each participant. As the scale of functional activation (10−2) is different from the
magnitude of structure volumes, each value was converted to a Z score based upon the mean
and standard deviation for each structure across groups for each metric used (e.g., vMRI vs
fMRI). Behavioral measures (RTT, PCTT, and PCIT) were also converted to Z scores for ready
performance-vMRI-fMRI comparisons.
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Fig. 1.
Median split by performance on the Percent Correct Target Trials (PCTT) Go/No-go task
measure. The seven good young performers all had perfect performance and the four good
elder performers all had performance at 99% or better.
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Fig. 2.
Depicted is putamen/globus pallidus (PGp) and caudate (C) activation by both age group and
performance group, separately by hemisphere (A=left; B=right). Older participants had greater
activation for PGp, while younger participants had greater C activation. In addition, poor
performers had generally greater activation than good performers, although this was significant
for both regions only in the left hemisphere. In the right hemisphere, only young poor
performers had significantly greater C activation.
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Fig. 3.
Z-transformed activation in to the left putamen/globus pallidus (PGp) correlated with Percent
Correct Target Trials (PCTT) performance, denoted by age group (▲ for elders, ▼ for young
adults) and performance group (good in pale gray, poor in dark gray). Increased activation with
poorer performance is evident irrespective of age group.
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Fig. 4.
Depiction of the Go/No-go task.

Langenecker et al. Page 17

Brain Res. Author manuscript; available in PMC 2007 November 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 5.
Regions of Interest (ROI) for the fMRI and vMRI analyses including the caudate (1), putamen/
globus pallidus (2), and brain volume in the horizontal AC–PC plane (3).
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Table 3
Demographic and neuropsychological data for older adults (11) and young adults (11)

Variable/test Elders Young

Mean S.D. Mean S.D.

Age 72.8 3.5 28.1 4.1
Education 18.0 2.3 17.0 1.7
MMSE (all>27) 29.4 0.8 29.3 0.7
GDS 3.0 2.9 3.6 3.0
Similarities (SS)* 15.5 3.0
LMI (SS) 12.1 2.0
  (raw) 41.3 6.9
VRI (SS) 13.8 3.1
 (raw) 84.6 12.8
WCST categories 4.9 1.7
Trails B (seconds) 67.9 19.2
Digit symbol (raw) 59.3 9.5
COWA (total words) 53.6 2.9

MMSE=Mini Mental State Exam; GDS=Geriatric Depression Scale; *from the Wechsler Adult Intelligence Scale-III; SS=Scaled Score (M=10, S.D.=3);
LMI=Logical Memory I (Wechsler Memory Scale-III; VRI=Visual Reproduction I; WCST=Wisconsin Card Sorting Test (N=9 valid scores);
COWA=Controlled Oral Word Association Test.
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