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Abstract
Changes in brain activity over time were evaluated in a group of older adults in the Baltimore
Longitudinal Study of Aging who maintained good physical and cognitive health. Participants
underwent PET scans during rest and delayed verbal and figural recognition memory performance
at Year 1 baseline and at Year 9. While memory performance remained stable over the 8 years,
longitudinal changes in regional cerebral blood flow were observed within each scan condition.
Further analyses revealed distinctive patterns of change related specifically to verbal or figural
recognition, as well as longitudinal changes common to all scan conditions. These findings
demonstrate that the older brain undergoes functional reorganization with increasing age in healthy,
cognitively stable individuals. In view of the stable memory performance, the task-dependent results
suggest that age-related changes in brain activity help maintain cognitive function with advancing
age.
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INTRODUCTION
Many studies have examined differences in brain function between young and old individuals.
Age-related differences in activation patterns have been described during language tasks [5,
10,24], face and object recognition tasks [20,22], and tasks that require visuospatial skills
[20,48,59]. While these studies find age-related differences associated with specific task
demands, they also suggest that non-specific differences in brain activity commonly occur with
age. For example, old and young individuals may activate similar regions during task
performance, yet the magnitude and/or spatial extent of the activity is often smaller in older
adults [2,11,21]. Additionally, older individuals often show areas of increased activation
outside of the regions typically associated with a particular task in younger individuals [44,
59,67]. According to the functional compensation theory [9,22,42,59], the decrease in
magnitude and size of activation in older adults is thought to result from decreases in cortical
processing efficiency with age (see[18,60]). The additional regions of activity seen in older
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adults are thought to reflect reorganization of function (see [9,51]). This cortical reorganization
presumably compensates for declining function in areas subserving task-related performance
at younger ages and allows for consistent performance levels over time.

While it is known that many changes occur in the brain as people progress from young
adulthood into their 60’s, we do not fully understand the longitudinal changes in brain function
that occur in normal older individuals as they continue to age. To address this issue, we present
data from older participants who are enrolled in the Baltimore Longitudinal Study of Aging
(BLSA) neuroimaging substudy and who remain free of cognitive impairment after an 8 year
follow-up. These individuals undergo annual positron emission tomography (PET) scans to
assess brain function during three different conditions: rest, verbal (word) recognition and
figural (abstract design) recognition memory. These conditions allow for the assessment of
resting and modality-specific longitudinal changes as well as the characterization of
generalized or common changes in brain function with advancing age.

These task conditions also allow us to test hypotheses regarding the relationship between
longitudinal measures of task performance and longitudinal changes in brain function. With
regard to behavioral performance, one of two scenarios can occur with increasing age: an age-
related decline in task performance will be seen over time or task performance levels will
remain relatively stable with advancing age. In the case of declining task performance, one
could predict that decreasing brain function would lead to the decreasing performance levels.
In the case of stable task performance, two possibilities emerge. First, stable task performance
could be supported by stable brain function. Alternatively, stable performance could be
maintained by changing brain function if the changes represent a form of compensatory
reorganization of function.

To determine patterns of longitudinal change in memory performance and brain activity over
time in normal aging, we focus on behavioral and physiological changes between Year 1
baseline and Year 9 assessments of our participants. First, we demonstrate that recognition
memory performance remains stable in this group of individuals who maintain good physical
and cognitive health over the 8-year follow-up period. Next, we investigate age-related changes
in regional brain activity to determine whether stable memory performance is supported by
stable patterns of brain activity or by functional reorganization. Based on prior studies
comparing brain function in young and old adults and on structural [28,56] and pathological
[53,69] changes that occur with advanced age, it is likely that the older brain continues to
change in late life. We expect that alterations in regional cerebral blood flow (rCBF) will be
observed over time in our older sample and that resting, as well as modality-specific changes
related to verbal and figural recognition processing, will occur as a function of increasing age.

METHODS
Subjects

PET data from older participants in the neuroimaging substudy [57] of the BLSA [71] were
used in this analysis (Table 1). Twenty five participants from the BLSA pool met the health
and inclusion criteria for this analysis (10 female, 15 male; mean baseline age = 67.8±6.6 years
range). All individuals remained in good cognitive and physical health through the follow-up
period with no history of central nervous system disorders, major psychiatric disorders
including depression, or severe cardiovascular disease. All participants also completed
neuropsychological evaluations through Year 9 and were deemed cognitively normal by
consensus diagnosis and Clinical Dementia Rating Scale assessments through the Year 9
evaluation (see [31] for detailed procedures). Thus, these participants were selected for
maintenance of good physical and cognitive health and represent a subset of the larger BLSA
neuroimaging sample.
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This study was approved by the local Institutional Review Board. All participants provided
written informed consent prior to each assessment.

Neuropsychological Testing
During each neuroimaging visit, participants completed a battery of 12 neuropsychological
tests evaluating six cognitive domains. Memory was assessed using the California Verbal
Learning Test (CVLT) and Benton Visual Retention Test (BVRT). Word knowledge and verbal
ability were measured using Primary Mental Abilities Vocabulary (PMA). Verbal fluency was
assessed by Letter (i.e. FAS) and Category fluency tests. Attention and working memory were
measured by the Digit Span subtests of the Wechsler Adult Intelligence Scale-Revised and the
Trail Making Test. Digits Backward, Trails B, and Verbal Fluency (categories and letters)
assessed executive function. The Card Rotations Test assessed visuospatial function. Data from
evaluations at Years 1 and 9 were used to examine changes in performance over time.

PET Scanning Conditions
Participants underwent PET scanning sessions at baseline (Year 1) and at annual follow-up
intervals to Year 9. During each imaging session, three PET scans were performed: rest, verbal
recognition, and figural recognition. During rest, participants were instructed to keep their eyes
open and focused on a computer screen covered by a black cloth. During the recognition tasks,
the participants were asked to identify stimuli that had been presented at the beginning of the
session. In an attempt to reduce practice effects, two alternate versions of the tasks were
administered over time: one version was given on odd years and the other was given on even
years. The target stimuli presented in each version remained the same for even or odd years.
The order of task conditions was counter-balanced across individuals, but remained constant
within an individual across years.

Approximately thirty minutes before the first PET scan, participants were shown a list of 20
target words for the verbal task and 20 target figures for the figural task on a computer screen
(see [58] for detailed description). They were instructed to silently examine each item and try
to remember it for later. Nouns for the verbal task were selected for low imagery and matched
across concreteness, meaningfulness, frequency, and number of syllables [49]. Designs for the
figural task were selected for low verbalizability and matched across uniqueness and range of
white space [17].

For the verbal and figural recognition tasks, approximately 40 test items were shown during
the PET image acquisition interval. Twenty of these were novel distractor items intermixed
with the original 20 target items. Participants were asked to indicate whether or not they had
seen each item before by pressing buttons in their right or left hands. Accuracy and reaction
times were recorded throughout both recognition tasks. Examples of the tasks are shown in
Figure 1.

PET Scanning Parameters
PET measures of regional cerebral blood flow (rCBF) were obtained using [15O]water. For
each scan, 75 mCi of [15O] water were injected as a bolus. Scans were performed on a GE
4096+ scanner, which provides 15 slices of 6.5 mm thickness. Images were acquired for 60
seconds from the time the total radioactivity counts in brain reached threshold level.
Attenuation correction was performed using a transmission scan acquired prior to the emission
scans.
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Data Analysis
For each subject, the PET scans were realigned and spatially normalized into standard
stereotactic space and smoothed to a full width at half maximum of 12, 12, and 12 mm in the
x, y, and z planes. To control for variability in global flow, rCBF values at each voxel were
ratio adjusted to the mean global flow of 50 ml/100g/min for each image. The image data were
analyzed using Statistical Parametric Mapping (SPM2; Wellcome Department of Cognitive
Neurology, London, England), where voxel by voxel comparisons determined significant
changes in rCBF over time (p ≤ 0.001). Significant effects for each contrast were based on the
magnitude (Z = 3.09; p ≤ 0.001) and spatial extent (> 100 mm3) of activation. All contrasts
were adjusted for baseline age at Year 1. The results for all contrasts are presented in Talairach
space [72]. The coordinates of the local maxima for each contrast were converted from MNI
space to Talairach space using the following algorithm: X′=0.88X−0.8; Y′=0.97Y−3.32; Z′
=0.05Y+0.88Z−0.44.

Longitudinal changes in rCBF were assessed by comparing Year 1 to Year 9 for each scan
condition (rest, verbal, figural). The resultant contrast images from the rest, verbal and figural
conditions were also compared to one another to assess longitudinal changes common across
all conditions and those specific to verbal processing relative to rest and figural conditions,
and those specific to figural processing relative to rest and verbal conditions. The similarities
between contrast images reported in the Results section were generated using a conjunction
analysis to assess regions of longitudinal change common to all images (threshold=p≤0.05).
The differences in longitudinal change between contrast images were generated by comparing
one contrast image with the other(s) (threshold=p≤0.05) to determine regions of change limited
to the image of interest (e.g. verbal-specific increases = verbal increases compared against both
rest and figural increases). For both types of analyses, thresholds for each contrast image
remained at p≤ 0.001 magnitude and >100 mm3 spatial extent.

Correlational analyses were also performed to examine the relationship between changes in
rCBF and individual changes in behavioral performance on the respective PET tasks from Year
1 to 9. For each subject, Year 1 and 9 images were thresholded and scaled to adjust for global
flow, then subtracted from one another to create a difference image reflecting the change in
rCBF over time. This process was performed for both for verbal and figural conditions. The
verbal and figural difference images were correlated with changes in the respective sensitivity
score and reaction time for each condition (p≤ 0.001 magnitude; >100 mm3 spatial extent).

RESULTS
Neuropsychological Testing

Performance on the neuropsychological tests was compared across years (1 and 9) using
repeated measures MANOVA with sex as a grouping factor. There were no overall changes
in performance levels over time on any task and no significant effects of sex or sex × time
interactions in this group of participants. Performance levels are shown in Table 2.

PET Task Performance
Task accuracy, measured by sensitivity score (i.e. hits adjusted for false positives), and reaction
times were compared across years (1 and 9) and task condition (verbal and figural) using
repeated measures MANOVA, with sex as a grouping factor. There were no overall changes
in sensitivity measures across time, no effects of sex or task condition on performance levels
(Table 3), and no significant interactions for sensitivity measures. For reaction time, there was
a significant decrease from Year 1 to 9 (df=1, 20, F=6.05, p≤0.05). The decrease over time
reached significance for figural (post hoc paired t-test df=21 t=2.41 p≤0.05) but not verbal
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reaction times alone. Overall, reaction times were faster on the verbal than figural task (df=1,
20, F=26.33, p≤0.001).

Brain Activation
The PET data were analyzed in two steps. First, changes in regional cerebral blood flow (rCBF)
over time were determined by comparing Year 1 to Year 9 within each of the scan conditions
(rest, verbal, figural). Next, to determine modality-specific changes over time, the results from
the first step were compared to one another to generate images representing generalized
changes common across all conditions, changes specific to the verbal condition relative to rest
and figural conditions, and changes specific to the figural condition relative to rest and verbal
conditions.

Within-Condition Changes—The results from this section are presented in Table 4 and
Figure 2 (top row).

Resting Condition: Longitudinal changes were observed during rest. Frontal lobe changes
include decreased rCBF in extensive areas of the medial, superior, middle, and inferior (mid-
to superior levels) gyri of the prefrontal cortex. In the temporal lobe, superior and middle
temporal (left hemisphere) gyri showed decreased flow. Occipital decreases were seen in
inferior occipital, lingual and cuneus regions. The mid-cingulate gyrus and thalamus (bilateral
mid-level) also exhibited decreased rCBF over time. Increased rCBF was seen in mid- to
inferior levels of the prefrontal white matter regions, sometimes extending into superior, middle
and inferior areas of frontal cortex. Middle temporal gyrus increases were observed, but these
occurred in the right hemisphere. Increased flow was also seen in the left hippocampus. Other
areas of increased rCBF include inferior parietal, middle occipital and cerebellar cortical areas
as well as the subcortical thalamus (right hemisphere, inferior to the decreased rCBF) and
putamen.

Verbal Condition: Longitudinal changes during verbal recognition include decreased rCBF
in medial and superior (right-sided) prefrontal cortex and in left hemisphere inferior prefrontal
Broca’a Area (Brodmann Area (BA) 44). Superior (bilateral) and middle temporal association
cortex and inferior insular temporal regions also showed decreased flow, as did the middle
cingulate gyrus, the thalamus, and caudate. Frontal lobe increases in rCBF were seen in superior
(bilateral) and middle frontal regions and in the premotor cortex. Increases were also observed
in superior (left-sided) and inferior temporal areas, superior insular temporal regions, and in
the left hippocampus. Middle occipital cortex, primary somatosensory cortex and inferior
parietal cortex also increased rCBF, as did the cerebellum, globus pallidus and putamen.

Figural Condition: Longitudinal changes during figural recognition include decreased rCBF
in right superior, middle and medial prefrontal regions. Temporal lobe decreases were again
noted with decreased flow observed in superior and middle (mid-level) cortices and lateral
insular temporal regions. The middle cingulate gyrus, thalamus (superior medial) and caudate
also showed decreased rCBF over time. Increased rCBF was observed in bilateral superior,
middle and inferior prefrontal regions and in the premotor cortex. Middle (inferior level)
temporal cortex and medial insular temporal regions increased flow as did the left
hippocampus. Other increases were seen in inferior parietal, middle occipital and cuneus
regions. The brainstem, globus pallidus, putamen and thalamus (inferior lateral) also increased
rCBF over time.

Between-Condition Changes—The results from the next section are shown in Table 5
and Figure 2 (bottom row).
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Common Changes: In this analysis, the contrast images reflecting the within-condition
longitudinal changes were compared to one another to define significant regional changes
common to all conditions (rest, verbal and figural). These generalized changes in rCBF over
time include longitudinal decreases in superior and medial frontal (right-sided) regions, and
superior and insular temporal regions. Common areas of decreased flow were also observed
in the anterior and middle cingulate gyrus, the thalamus, and caudate. Areas of increased rCBF
common to all conditions include bilateral superior and right-sided prefrontal white matter
regions and superior levels of the posterior left hippocampus. The inferior parietal cortex,
middle occipital gyrus and putamen also increased flow.

Verbal-specific Changes: To define regional changes in CBF specific to verbal memory
processing, the contrast images from the first analysis were compared to define changes that
occur in the verbal condition but not in the rest or figural conditions. Verbal-specific
longitudinal decreases in rCBF were seen in superior and bilateral inferior prefrontal regions
(BA 10) including Broca’s Area (BA 44). Verbal-specific decreases were also seen in anterior
inferior Wernicke’s Area (BA 22), middle and inferior temporal regions, and in the inferior
parietal lobe and cerebellum. Increases in rCBF were seen in medial and right-sided inferior
frontal (BA 47) regions, in primary motor cortex, and in posterior superior Wernicke’s Area.
The left insular temporal region, right hippocampus and the basal forebrain also increased rCBF
over time.

Figural-specific Changes: Figural-specific changes in rCBF were defined as those occurring
during the figural condition but not rest and verbal conditions. Longitudinal decreases in rCBF
were observed in superior, middle (superior level) and medial prefrontal regions. Decreases
were also seen in right-sided superior, middle, inferior temporal association areas and in lateral
insular temporal areas. The anterior cingulate gyrus and the inferior parietal cortex also
decreased flow. Increases in rCBF were seen in inferior level middle prefrontal and inferior
frontal regions. Temporal lobe increases were seen in the middle (left) temporal gyrus, a more
medial insular temporal region, and inferior levels of the posterior left hippocampus. The
primary motor cortex and the cuneus also increased flow over time.

Associations between rCBF and Task Performance: Regions of longitudinal rCBF change
from the primary analyses above that were associated with changes over time with task
performance are listed in Table 6.

Several relationships between changes in rCBF and task accuracy (sensitivity score) over time
were observed in the verbal condition. These include a positive relationship between
performance and rCBF changes in the inferior temporal gyrus and inferior parietal lobe.
Because these regions showed decreased rCBF over time in the primary analysis of longitudinal
change, this finding suggests that individuals who performed more poorly have a greater
decrease in flow over time than those whose performance improved. A positive association
was also seen in the pre/postcentral gyrus suggesting that increased performance is associated
with increased rCBF. Conversely, a negative association was observed in the superior temporal
gyrus (BA 22), indicating increased performance in association with decreased rCBF over time.
A negative association was also observed with a longitudinal increase in rCBF in the superior
temporal gyrus (BA 21), suggesting that poorer performers show greater increases in rCBF
over time in this region. For the figural condition, only one region overlapped with the primary
analysis of longitudinal change indicating that poorer performers show a greater increase in
the precentral gyrus over time.

Significant associations between changes in rCBF and changes in reaction time include an
increase in parahippocampal rCBF over time in faster performers during the verbal condition.
This area extends into the region of the hippocampus where longitudinal rCBF increases were
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noted over time. During the figural task, faster performance is related to increased rCBF in the
insula and decreased rCBF in the middle frontal gyrus. Slower performance is associated with
decreased rCBF in the superior and middle temporal gyri.

DISCUSSION
In this study, longitudinal changes in memory performance and regional brain activity in older
adults were investigated over an 8-year period. While normal aging is often associated with
declines in cognitive performance [62,70], here we present data from a group of healthy adults
that were selected for maintenance of stable physical and cognitive health throughout the study.
Three important findings emerge from our results. First, we find that while longitudinal
memory performance remains stable, patterns of brain activity change over time in older
individuals who maintain good physical and cognitive health. Second, these blood flow
changes are robust, encompass large cortical and subcortical areas, and are observed during
the resting state and during verbal and figural recognition memory. Finally, in addition to
changes specific to verbal and figural recognition processes alone, rCBF changes also occur
commonly across all scan conditions suggesting that there are generalized as well as modality-
specific changes in brain function with age.

Changes in brain activity with maintenance of memory performance
In our sample of healthy older adults, there were no significant declines in verbal and figural
recognition memory accuracy over a period of 8 years. Nevertheless, we found both regional
increases and decreases in brain activity over time in these individuals. Our data support cross-
sectional studies where altered patterns of cerebral activity were found in old relative to young
individuals [20,43,63], and extend these findings to show that changing brain function
continues throughout later life in cognitively stable individuals. Our findings also show that
these changes occur across multiple conditions, including the resting state.

Two theories have been proposed to characterize the processes that lead to altered patterns of
activity in the older brain relative to the young brain. The functional compensation theory [9,
22,42,59] attributes declining activity to decreases in functional integrity or efficiency that
occur as the brain ages. This theory, in turn, views increases in activity as a form of
compensation where new regional activity counteracts the effects of declining regions. The
dedifferentiation theory [37,39], on the other hand, views decreases in activity as a loss of task-
specific processing capabilities with age. Increases in activity are also thought to be
compensatory if supportive of behavioral performance but in this theory represent the increased
involvement of non-specific or generalized processes in the brain. We offer a third
interpretation of longitudinal increases in brain activity. We propose that increases in rCBF in
some regions may reflect preservation of function over time in view of age-related declines in
global cerebral blood flow [36,50]. Together, these interpretations provide a number of
explanations that may help to characterize longitudinal changes in aging brain function. While
the exact mechanisms of age changes in neuronal activity cannot be determined with rCBF
imaging techniques, each of the results presented here tend to support at least one of the aging
theories.

Finally, as with any longitudinal study where repeated testing occurs, practice effects must be
considered when interpreting the data. In recognition or retrieval tasks, the initial encoding of
the stimuli results in greater brain activation than recognition; therefore, the greatest effects of
practice are usually observed during the encoding portion of the task [35,65]. Nevertheless,
changes have been observed during the recognition phase in young individuals with patterns
of both increased and decreased activity related to repeated testing [32,73,75]. Although there
is very limited functional imaging data on the effects of practice in older adults, it has been
shown that they demonstrate less change in brain activity related to practice than do younger
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individuals [44]. This finding has led to the suggestion that changes in brain activation in older
individuals may be more representative of task-related reallocation of resources that allow for
continued performance rather than the result of changes in functional activity related to practice
itself.

Resting state longitudinal changes
Our results show that there are extensive changes in regional blood flow during the resting
state in older individuals as they age. Both decreases and increases in rCBF are seen in cortical
and subcortical areas of the brain demonstrating that functional changes in brain activity occur
over time during the resting condition.

Decreases in resting-state activity are noted in widespread prefrontal cortical regions (left >
right), inferior portions of the middle cingulate gyrus, anterior temporal regions, in inferior
visual association areas and along the occipitotemporal visual pathway. Additionally,
subcortical mid-level thalamic regions decrease rCBF over time. Several regions also show
relative increases in blood flow during rest. These include a large portion of the prefrontal
white matter (right > left), inferior rostral portions of the anterior cingulate, the left
hippocampus, and middle visual association areas. The cerebellum and inferior portions of the
thalamus also increase rCBF over time.

According to the functional compensation and dedifferentiation theories, the decreases
presented here may be markers of declining functional integrity over time, either from loss of
efficiency or processing specificity. If this is the case, the ramifications of altered function in
these areas are extensive. For example, prefrontal dysfunction could influence memory [16,
52,76] and executive function [14,15,25]. Decreased activity in occipital and occipitotemporal
cortices may impact visual perception, especially perception related to form [7,46,55] and
object recognition [12,19,47]. Decreased processing efficiency in the thalamus can have
additional consequences, for it relays almost all incoming sensory information and has been
implicated in cognition [3,74], consciousness [29,34], attention [74] and motor integration
[23,30]. While these declines may be representative of decreased efficiency or processing
specificity, our participants do not show adverse behavioral effects. If the declines are related
to a change in functional status, the effects of the change may not be apparent until very late
in the lifespan or perhaps with the onset of disease when compensatory mechanisms are
overcome.

Areas of increased blood flow during rest are more complex and can be divided into two
categories: regions where increases are coupled with a homologous decrease in similar or
adjacent areas, and regions where there is no distinct relationship between increasing and
decreasing flow. In the first category, both the thalamus and the occipital association cortex
show differential patterns of decreasing and increasing blood flow over time: the mid-level
thalamus decreases while inferior levels increase, and inferior visual association areas decrease
while middle visual association areas increase. In these regions, one may argue that the patterns
of change represent some form of compensatory activity. Because these changes are observed
during the resting state and may be considered state-specific similar to the way in which
changes noted during a cognitive condition are task-specific, they may reflect a form of
functional compensation where a new region of the thalamus and occipital cortex assumes a
complementary functional role to the declining region. On the other hand, there are no specific
cognitive demands required or even encouraged during the resting state, so one may also argue
that all processes during rest are non-specific. In this interpretation, the increases more closely
fit the dedifferentiation model of brain aging.

Most of the increases observed during the resting condition, however, fall into the second
category where increases are not coupled with a homologous or contralateral decrease. In this
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case, it is difficult to argue that the increases represent compensatory activity. Instead, the
increased blood flow in the prefrontal white matter, the hippocampus and cerebellum may
represent regions of preserved cerebral blood flow relative to decreases in global blood flow
observed with advancing age. With this interpretation, preservation of function suggests that
these regions of the brain are less susceptible to age-related rCBF decline than others.

Modality-specific longitudinal changes
Changes in activation are also observed during both verbal and figural recognition. With regard
to verbal recognition, a number of regions show rCBF changes over time that are unique to the
verbal memory condition alone. These changes are primarily observed in frontal and temporal
lobes of the brain and involve both Broca’s and Wernicke’s language areas. Longitudinal
changes in blood flow are also seen in regions known to be susceptible to pathologic change
with age, yet our findings suggest that brain activity within these areas is not necessarily
compromised in normal aging.

While areas of the inferior parietal lobe and cerebellum show decreases in blood flow during
verbal recognition, other verbal-specific changes in rCBF are seen in the frontal and temporal
lobes of the brain. In the temporal lobes, decreases occur in anterior superior, middle and
inferior temporal association cortices while increases are found in posterior superior and medial
temporal regions. In the frontal lobes, decreases are observed in superior and bilateral inferior
prefrontal regions while increases are seen in medial and right-sided inferior prefrontal areas.
Interestingly, this increase in frontal lobe activity does not support the HAROLD model of
aging [9,13]. The HAROLD model proposes that memory-related frontal lobe activity becomes
more bilateral as one ages and is usually seen when comparing brain activation patterns in older
subjects to that of young subjects. The absence of increasing bilateral activity here may due to
the fact that there is a much larger temporal span between young and older groups than the
span of 8 years involved in this study.

Changes in language-related regions of the brain also occur, the most paradoxical of which is
a decline in both Broca’s area and a portion of Wernicke’s area from Year 1 to Year 9 while
task performance remains stable. This finding suggests that the activity decline in language
areas does not impact this type of word recognition in normal aging, possibly due to more
efficient language processing with time or a shift in recognition strategy over time. This
argument is strongest for Broca’s area where only declining blood flow is observed. In
Wernicke’s area, however, declines occur in anterior inferior portions and increases occur in
posterior superior portions from Year 1 to 9. Unlike the pattern seen on Broca’s area, the activity
changes in Wernicke’s area suggest that some form of compensatory activity occurs within
this region over time.

Verbal-specific changes in activation are also seen in two regions thought to be vulnerable to
age-related pathologic change. First, the right hippocampus increases blood flow from Year 1
to Year 9, reflecting increased involvement of this region in verbal recognition over time. It is
well known that the hippocampus and associated ventromedial temporal cortex undergo
structural and pathologic changes ranging from mild to moderate changes in healthy aging
[26,68] to severe alterations in Alzheimer’s disease [4,8,27]. Our finding suggests that even in
the presence of structural change, this region maintains functional integrity in healthy
individuals with advancing age. Second, the basal forebrain shows an increase in rCBF over
time. The basal forebrain, which houses the nucleus basalis of Meynert, is a primary source of
neocortical cholinergic innervation. While cholinergic neurotransmission is important for
memory function [41,64], neuropathologic studies have shown that this region is susceptible
to structural change with age (see [53,68]). The increased activity demonstrated here suggests
that basal forebrain function is relatively intact in healthy older individuals, and further suggests
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that the cholinergic system may play a more prominent role in verbal recognition with
increasing age.

Together, the changes observed during the verbal condition tend to support the functional
compensation theory of brain aging. The task-specific nature of these changes and the stability
of mean task performance in this sample argue against the dedifferentiation theory as an
explanation of these findings.

Longitudinal changes in activation are also observed during figural recognition memory. While
frontal, temporal and occipital lobes show figural-specific changes from Year 1 to 9, the pattern
of change differs from that observed in the verbal condition. Here, there is a pronounced
hemispheric pattern of increased and decreased blood flow, especially along the
occipitotemporal visual pathway. Similar to the findings for verbal recognition, however, the
overall pattern of change over time supports the functional compensation theory of brain aging.

Previously, we have shown that regions typically involved in figural recognition in older adults
lie along the right occipitotemporal pathway [6]. In this study, the data suggest that a
hemispheric shift occurs longitudinally, with right hemisphere regions decreasing and left
hemisphere regions increasing activity over time. Declines are seen predominately in medial
and right-sided posterior superior prefrontal regions and lateral temporal association areas.
Unilateral increases occur in left-sided lateral temporal association areas and the posterior
inferior hippocampus, whereas bilateral increases are seen in visual association areas.

These findings illustrate three important points. First, the hemispheric shift in activity is
especially pronounced in temporal association regions. While it is known that these regions
are involved in visual feature perception [45,54,61] and object identification [1,33,66] in young
individuals, the pattern of change observed here suggests that age-related decline of right
hemisphere regions may be counteracted by an increase in homologous regions of the left
hemisphere. Second, increased activity is again seen in the hippocampus when comparing Year
1 to Year 9. This finding further augments the argument of sustained hippocampal function
with advanced age in our sample. Finally, visual areas were found to increase activity during
a task that requires visual feature perception and identification. This finding suggests that visual
processing demands increase over time with advancing age in older individuals.

As with the verbal task, performance levels on the figural task remain stable across time
suggesting that the changes in brain activity may be compensatory in nature. While only the
middle temporal gyrus shows a precise pattern of inverse change (e.g. where a specific region
in the right hemisphere declines while the same region in the left hemisphere increases), the
overall hemispheric shift in activity over time may represent a more global form of functional
compensation. This shift may reflect functional reorganization or a reallocation of the processes
required for consistent recognition ability as proposed by the functional compensation theory.

Generalized longitudinal changes
In addition to the changes in blood flow described in the previous sections, there are also
changes in rCBF that occur commonly across all task conditions. These findings suggest that
some common operational level of brain function continues to change in older individuals with
increasing age. Both decreases and increases in rCBF are observed over time, primarily in
frontal and temporal lobes of the brain‥

Here, we find decreased cortical blood flow in medial prefrontal regions, superior portions of
the anterior and middle cingulate gyrus, and in the insula. The thalamic and caudate regions
bordering the lateral ventricles also decrease flow over time, which may reflect, in part,
decreased brain tissue in these regions or partial volume effects from well-documented age-
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associated increases in ventricular volume [56,77]. Several regions of increased activity are
also observed across all scan conditions. These relative increases in flow were found in the
prefrontal white matter, inferior parietal cortex, the middle occipital gyrus and the left posterior
superior hippocampus.

Because these findings occur in all scan conditions, one might argue that the changes in rCBF
represent changes in generalized processing capabilities as proposed in the dedifferentiation
theory. Decreases may result from declines in task-specific processing in many areas of the
brain, while increases represent regions that take on more generalized processing functions
with time. Alternatively, these generalized increases may also represent preservation of
function over time reflecting regions of relative functional stability with advancing age.

Conclusions
Taken together, these data show that resting, modality-specific and generalized changes in
brain activity occur over an 8 year period in healthy, cognitively stable older individuals. We
have shown that many regions of the brain decrease blood flow over time, suggesting that there
are definitive patterns of age-related vulnerability. Overall, frontal and temporal lobes of the
brain exhibit the greatest regions of age-related functional decline. These regions also exhibit
other areas of increased activity, suggesting that the healthy aging brain continues to undergo
functional reorganization with advancing age.

The resting-state and generalized findings indicate that basic levels of brain function are not
constant in the older brain. Instead, both cortical and subcortical changes in brain function
occur with advancing age. Equally important are the modality-specific functional changes
which occur in the absence of declining performance. While it may be argued that functional
compensation promotes stable cognitive ability over time in healthy older individuals, there
are other processes that also may contribute to activity changes over time. Aside from
compensatory mechanisms, it is possible that some changes may result from an increase in
age-related non-selective recruitment of resources [40] or perhaps from an increase in noise in
the neural networks [38] with age.
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Figure 1.
PET Session Order illustrates the progression of tasks during each scanning session. The order
of verbal and figural task administration is counterbalanced across subjects. Task examples
are shown for both recognition conditions. For both verbal and figural tasks, subjects are shown
a list of stimuli to remember prior to scanning. During the recognition phase, the subject must
indicate whether the test stimulus was one of the stimuli shown before. This phase is self paced,
with the next stimulus appearing after the subject makes a response or after a maximum display
time of 5000 ms.
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Figure 2. Longitudinal Changes in Brain Activity
Differences in patterns of brain activity observed when comparing Year 1 to Year 9. Each
example shows sagittal, coronal and axial projection images of the brain. The top row illustrates
changes seen within each scan condition. The bottom row illustrates changes common to all
scan conditions and those specific to verbal and figural recognition alone. Areas in blue
illustrate significant decreases in rCBF; areas in red show significant increases in rCBF over
time. The green line illustrates the z level of the representative slice shown in each condition.
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Table 2
Neuropsychological Performance (Mean (SD))

Domain Test Measure Year 1 Year 9

Memory CVLT total correct 5 trials 59.8 (8.6) 56.4 (13.9)
BVRT total errors 3.7 (2.6) 4.2 (3.0)

Verbal Letters total correct 14.9 (3.5) 15.0 (3.9)
Fluency Categories total correct 16.7 (2.6) 16.4 (2.9)

Attention & Digits Forward total correct 8.4 (2.3) 9.2 (2.4)
Working Digits Back total correct 8.0 (1.9) 8.0 (1.7)
Memory Trails A time in seconds 31.0 (8.6) 28.7 (6.7)

Trails B time in seconds 69.1 (18.1) 72.3 (22.9)

Visuospatial Card Rotation correct-incorrect 91.2 (29.4) 95.1 (40.2)
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Table 3
Task Performance (Mean(SD))

Year 1 Year 9
Task Sensitivity Reaction Time (ms) Sensitivity Reaction Time (ms)

Verbal Mean 0.46(0.16) 1309.7(328.4) 0.44(0.18) 1215.2(393.6)
   Males 0.49(0.14) 1296.2(365.1) 0.44(0.20) 1187.8(342.6)
   Females 0.41(0.19) 1328.6(286.9) 0.45(0.15) 1253.6(472.9)
Figural Mean 0.49(0.19) 1566.5(309.1)* 0.42(0.19) 1356.4(319.5)*
   Males 0.47(0.20) 1500.5(262.1) 0.39(0.22) 1351.8(304.3)
   Females 0.52(0.20) 1659.0(358.7) 0.45(0.13) 1362.3(355.0)
*
p≤ 0.05
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