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Abstract
Little is known about brain function in the oldest old, although this is the fastest growing segment
of the population in developed countries and is of paramount importance in public health
considerations. In this study, we investigated the cerebral response to a memory task in healthy
subjects over age 90 compared with healthy younger elderly.

We studied 29 healthy elderly subjects, 12 over age 90 and 17 between age 70 and 80. All subjects
were cognitively intact, as verified by a neuropsychological battery, and performed a nonverbal
memory task while undergoing a functional MRI (fMRI). Activation results were analyzed by a
random-effects ANCOVA using SPM5. The task resulted in activation of similar areas of the
posterior temporal, parietal, and posterior frontal cortexes, but the activation was more robust in
the younger subjects, especially in the right hippocampus, and parietal and temporal cortices. This
finding remained after controlling for education, cognition, task performance or cerebral atrophy.

The phenomenon of relatively maintained performance, despite significant brain atrophy and
lower activation is consistent with the cognitive reserve theory and may be specific to subjects
with extremely successful aging. Further investigation of brain activation patterns in the oldest old
is warranted.
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Introduction
In the United States, while the population under the age of 65 has tripled since the beginning
of the 20th century, the number of those over age 65 has increased 11-fold. Among the
elderly, the "oldest old" - those aged 85 and over - are the most rapidly growing age group.
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Between 1960 and 1994, their numbers rose by 274 percent in the USA. In contrast, the
elderly population in general rose by 100 percent and the entire U.S. population grew only
by 45 percent. The oldest old numbered 4.4 million in 2001, making them 10 percent of the
elderly and just over 1 percent of the total population. By 2050, it is expected the oldest old
will number 19.3 million, constituting one quarter of all elderly Americans and 5 percent of
all Americans (1998).

The incidence rate of AD is substantially higher in the ninth decade (>6.5% per year) than at
earlier ages (between 1% at 60–65 and 2.2% at 75–80)(Kawas et al., 2000). The expansion
of the oldest old population will increase its significance as a major public health burden,
emphasizing the importance of identifying characteristics distinguishing the cognitively
intact oldest old. Yet this group has rarely been studied in epidemiological investigations
(Corrada et al., 2008) or in neuroimaging studies(Rosano et al.,, 2005).

Epidemiological, neuropathological and clinical studies have indicated that the
characteristics of elderly AD patients differ significantly from those observed in
younger(Prohovnik et al., 2006;van den Biessels et al., 2007), and have suggested that the
“oldest old” population may represent a genetically and pathophysiologically distinct group
(Sobel et al., 1995;Rebeck et al., 1994;Silverman et al., 2008). For example, the cumulative
survival from AD was significantly greater in the relatives of non-demented probands above
90 years old compared with relatives of non-demented probands younger than 90(Silverman
et al., 2008). This suggests that genetic factors conferring an extended reduction of risk for
AD may be more highly concentrated among non-demented probands aged above 90
(Silverman et al., 1999).

Longitudinal studies (Brayne et al., 1995) have found evidence of decline in cognition
associated with age among normal elderly populations who do not necessarily go on to
develop dementia (Brayne et al., 1999). AD may not be an inevitable concomitant of the
aging process (Hickman et al., 2000). Identifying modifiable protective factors, associated
with decreased risk of AD, may suggest preventive strategies. It is therefore important to
elucidate the possible mechanisms by which some individuals maintain high cognitive
abilities at advanced ages. The aim of this study was to compare the patterns of brain
activation by fMRI, during a recognition memory task, of cognitively intact subjects aged 90
years and above (OO- old old) to those 70 to 80 (YO-young old). Based on previous studies
suggesting a compensatory mechanism used by especially high functioning elderly
compared to normal functioning elderly (Cabeza et al., 2002;Sole-Padulles et al., 2007), we
hypothesized that while the YO would activate the hippocampus during a task targeted to
activate this area(Stark and Squire 2000b), the OO would also activate other areas, as a
compensatory mechanism for age-associated hippocampal functional decline.

Methods
Subjects

Subjects were recruited through talks on memory at senior centers in the tri-state area (New
York, New Jersey, and Connecticut), and through newspaper ads. In addition, subjects were
asked to invite acquaintances to participate in the study. Individuals who reported having no
memory problems were visited at their residences. After informed consent, a Clinical
Dementia Rating (CDR(Fillenbaum et al., 1996)) was obtained based on information from
both the subject and an informant. Only subjects with CDR=0 (not demented) and a MMSE
within the norms for age and education(Crum et al., 1993) were included in the study. Those
with CDR ≥ .5 (questionable dementia or dementia) were invited to participate in other
ADRC projects. Subjects were excluded if they had a stroke, or a significant psychiatric or
neurological disease, based on medical charts or self reported. All subjects were living
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independently in the community. Forty one subjects were approached for this fMRI study.
Twelve subjects were excluded due to contraindications to MRI. Therefore, we studied 29
subjects, 12 OO (9 females) and 17 YO (9 females). The mean ages were 92±1 and 76±3.
All subjects maintained a CDR=0 and a MMSE above 25 at their 12 month follow-up,
suggesting lack of incipient cognitive decline at baseline.

Recognition memory task—Since hippocampal atrophy is strongly related to cognitive
function in the elderly population (Devanand et al., 2007;Li et al., 2006), a well documented
recognition memory task that activates the hippocampus was used (Stark and Squire 2000b),
with minor modifications.

Subjects were presented with 50 line drawings with common nameable objects (Snodgrass
and Vanderwart 1980) on a laptop computer before entering the scanner and were asked to
name them. Each picture was presented to the subject for 2.5 seconds with an inter-trial
interval of 0.5 seconds. They were instructed to learn the pictures, to be able to recognize
them in a memory task while in the scanner. After entering the scanner, each subject viewed
100 pictures (the 50 that they had learned and 50 new pictures) while BOLD fMRI images
were acquired. Subjects rested supine in the scanner and viewed the images via a set of fiber
optic goggles (SV2000; Avotec, Inc.) positioned in the head coil above their eyes.

Subjects were asked to press a button with the right hand if they recognized the picture (old)
and with the left hand if they did not recognize the picture (new). Two sets of 50 pictures
were counterbalanced as old and new between subjects. The two sets of pictures were
ordered in a random fashion, and were presented in five blocks of 20 images. Each image
was presented for two seconds with an inter-trial interval of 1 second. Subjects were
instructed to rest for thirty seconds between each block (while looking at a slide indicating
“rest”).

Image acquisition and analysis—MRI scanning was performed on a Siemens 1.5T
Symphony with enhanced (Quantum) gradients using the standard quadrature head coil.
Following a localizer, anatomical images (T1W) were acquired with a spin-echo sequence
(TR/TE/FA 524/14/90, 20 axial 5 mm slices with 1.5mm gap, FOV 220 mm, matrix
256x256). BOLD images were acquired at the same slices with single-shot EPI (TR/TE/FA
3000/60/90, matrix 64x64 with fat saturation); 220 BOLD images were acquired, but the
first 10 were discarded to ensure magnetization steady-state and the last 10 were also
discarded. Each block consisted of 10 images of 3 sec duration.

All BOLD data were visually examined for any slice dropout or other severe signal
abnormalities (timediff,
http://www.mrc-cbu.cam.ac.uk/Imaging/Common/diagnostics.shtml) and if necessary, the
slice was replaced with a mean image created from adjacent images of the same activation.
Image analysis was carried out using SPM5 (Wellcome Department of Cognitive
Neurology, London, UK, http://www.fil.ion.ucl.ac.uk/spm/). Motion correction was applied
by realigning all images to the first image using 6 parameter rigid body transformation and
re-slicing with 4th degree B-spline interpolation. The mean BOLD image was then spatially
normalized with SPM5’s EPI template using both affine and non-linear normalization
followed by 8 mm Gaussian kernel smoothing. Non-linear frequency cutoff, iterations, and
regularization were set to 25mm, 16, and 1, respectively; high-pass filtering was done with
128 sec cutoff. The first-level fixed-effects analysis included motion realignment parameters
as regressors.

The volumetric fraction of cerebral spinal fluid (CSF) for each brain was also computed and
defined by CSF/(GM+WM), where CSF, GM (grey matter) and WM (white matter)
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represent the total intracranial volume of each compartment. Segmenting the anatomical
T1W image into each compartment was based on the SPM5 segmentation routine, using
MNI tissue probability maps with warping regularization and frequency cutoff at 1 and
25mm, respectively. Bias regularization was set to 0.0001.

The activation response (activation BOLD signal minus resting BOLD signal) was analyzed
by a random-effects ANCOVA design, with age (OO vs. YO) as a grouping factor and
education, performance accuracy, MMSE, and CSF fraction as covariates in separate
analyses. The cluster threshold was k=20 with a search range of implicitly masked whole
brain, and all results below are reported at p=.001 uncorrected. Final anatomical labeling of
findings in Talairach space was based on the MRU matlab toolbox
(http://www.ihb.spb.ru/~pet_lab/MSU/MSUMain.html).

Covariates—Education was recorded as years of formal schooling. Performance accuracy
was the percentage of correct response (recognition of old or rejection of new pictures) a
subject made and reflected the overall difficulty of the task. CSF fraction was measured as
detailed above and reflected degree of brain atrophy.

Results
Subject characteristics are presented in Table 1. The two groups were matched in education
(YO=15.6±3.0 and OO=15.4±2.5), and all subjects performed well (>70% accuracy) on the
activation task. Due to mechanical malfunction, performance accuracy measures in the
scanner were only available for 21 subjects; among those, the YO performed significantly
better than the OO on the activation memory task (87±5 vs. 80±6%, t(19)=2.54, p<.05). On
the MMSE, the YO group had significantly higher values (28.9±1.3 Vs 27.6±1. 7,
t(27)=2.50, p<.02), but these scores were consistent with the difference in norms for age and
education for the respective age groups (Beeri et al., 2006;Welsh et al., 1994).

Detailed regional findings by SPM are provided in Table 2. The basic analysis contrasted the
activation response of the two age groups. They showed similar patterns of posterior
temporal, parietal, and posterior frontal activation, but the activation was more robust in the
YO. The OO did not activate more than the YO in any location. The YO had significantly
greater activation (Figure 1), especially in the right hippocampus (Figure 2), parietal and
temporal cortex. We then proceeded to evaluate the effects of possible covariates, each
evaluated separately. Education and performance, when added to the model, did not change
the group differences, nor did they exhibit significant correlations with activation in any
area. The inclusion of MMSE as a covariate left the group differences largely unchanged,
but the difference between age groups for the left supramarginal gyrus and the right middle
frontal gyrus (BA 8) also became significant. A significant positive correlation of MMSE
with activation response was only noted in one cluster in the left middle temporal gyrus, and
this was accompanied by two clusters with negative correlations, in left superior parietal
lobule and right middle frontal gyrus.

The final covariate for analysis consisted of the CSF fraction in brain. There was a
significant difference between the groups, with greater brain atrophy in the OO, as expected
(CSF fraction .62±.08 vs. .53±.05, t(27)=3.80, p<.001). As in the analysis without a
covariate, the YO had more robust activation than the OO, but there were more significant
differences between age groups in the left hemisphere—often in the same areas, reducing
asymmetry. Consistent with this, the positive correlations of CSF with activation were
primarily left-sided (insular and parietal regions). There were no significant negative
correlations.
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Discussion
In this study we investigated brain function in very old (above 90 years of age—OO), well-
functioning subjects. As a comparison group, we used typical, equally well-functioning,
septuagenarians (YO). YO and OO subjects activated similar regions when performing a
memory recognition task which did not confirm the hypothesis of activation of more regions
for the OO group. However, YO subjects had consistently more robust activation in right
temporal, parietal and hippocampal regions, even after controlling for education,
performance accuracy, MMSE, or brain atrophy. Specifically, we found weaker activation in
our OO subjects mainly in the right hemisphere, in the hippocampus, superior temporal
cortex, medial frontal gyrus, and numerous parietal areas (Table 2). The regions activated in
this study are in good agreement with brain regions previously reported to be involved in
similar memory tasks (Miller et al., 2008).

It is possible that incipient Alzheimer’s disease is involved. The elderly are a highly
heterogeneous group. Even when currently healthy, they include subjects who are already,
or will soon progress, to MCI and AD. Such heterogeneity can be revealed by
neuropsychological testing or imaging studies (Pike et al., 2007). Both the YO and OO
groups were selected for living independently in the community and being cognitively
intact at the time of the study. This may suggest a greater degree of selection of low
risk for AD in the OO than the YO group because these characteristics are rarer in the
former. This greater selectivity is supported by the fact that no subject in either group
declined cognitively a year after the study, which is less likely in the OO than the YO
(Hebert et al., 1995). This may suggest that the YO group is more heterogeneous so it
contains more subjects at high risk for AD. This potential inclusion of such subjects in the
YO group might explain our observations of stronger brain activation compared to the OO
group. A recent review(Dickerson and Sperling 2008) noted that in the few fMRI studies on
MCI, results have been inconsistent but generally suggest that early in the course of MCI
there may be hyperactivation of medial temporal lobe circuits, possibly representing
inefficient compensatory activity. In AD patients, medial temporal regions are hypoactivated
during memory task performance while other cortical regions are engaged and
hyperactivated, also suggesting compensation(Dickerson and Sperling 2008). AD patients
had greater recruitment of the same brain regions as age-matched controls (and not of
additional regions) suggesting the latter compensatory mechanism, in another study (Gould
et al., 2006).

The most straightforward explanation for our findings of lower activation in the OO is
that they had lower MMSE and greater brain atrophy than the YO. However, the
difference in MMSE between the groups was modest, and smaller than the differences in
norms for such age groups with such education levels(Welsh et al., 1994;Beeri et al., 2006).
This suggests that, in the context of age norms for cognitive performance, the OO group
performed at least as well as the YO group. It should be emphasized that like the YO group,
the OO subjects were highly functional and living independently in the community.
Although we are not aware of age and education specific norms for the recognition task used
in this study, the group differences in CSF atrophy (p<.001) were substantially larger than
for cognitive performance (p<.05 for both MMSE and recognition task) with an effect size
between 30% and 50% larger. This distinction between relatively unimpaired cognitive
performance and relatively abundant atrophy was interpreted as consistent with the cognitive
reserve model (Stern 2006). This model posits that—among individuals who perform well
cognitively despite brain pathology due to disease or age-related changes—individual
differences provide differential reserve in two forms: “neural compensation” and “neural
reserve”. In “neural compensation,” alternate networks compensate for pathology’s
disruption of previously existing networks. This adjustment was found in studies comparing
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young subjects to subjects slightly younger than YO in which high performing older adults
counteract age-related neural decline through hemispheric asymmetry reduction, i.e.
compensation by use of other brain areas (Cabeza et al., 2002;Grady et al., 2006). This is
consistent with the HAROLD model, which states that under similar circumstances,
prefrontal activity during cognitive performances tends to be less lateralized in older than
younger adults(Cabeza 2002). In our study, both the YO and OO groups exhibited relatively
symmetrical use of the hemispheres, consistent with the interpretation that this form of
compensation has been developed by high functioning subjects by the time they become
YO. This study did not find dramatic prefrontal activations but rather temporal and parietal,
which may reflect additional applications of a model like HAROLD in later aging. Insofar as
the YO group has subjects in the very early stages of cognitive decline, their “neural
compensation” concept might explain the relatively strong activation in the YO
group(Dickerson and Sperling 2008).

In the “neural reserve” component of the cognitive reserve model, pre-existing brain
networks that are more efficient or have greater capacity may be less susceptible to
disruption. Therefore, despite other brain pathology, such networks continue to operate
effectively, and may require relatively low activation if they are more efficient(Stern
2006;Stern et al., 2000). Despite loss of brain tissue in the OO group (higher CSF fraction),
good cognitive performance and low activation may, speculatively, reflect efficient use of
the spared brain tissue.

The recognition task used in the present study has been used in previous studies specifically
triggering hippocampal activation (Stark and Squire 2000b;Stark and Squire 2000a;Gabrieli
et al., 1997). Although the hippocampus was activated in both groups, as expected in this
study, several other areas were engaged too. One explanation is that both groups used
“neural compensation” to overcome the effects of aging on the hippocampus. This is
plausible since the studies using the original recognition task had subjects ranging from 18
to 38 years of age. Another possibility is procedural: slightly longer duration of presentation
of the stimuli might have allowed for activation of regions that the original task did not
activate.

Encoding tasks have been studied more often in fMRI and aging studies than retrieval tasks
such as the one used here. Use of such a task would have permitted richer comparisons with
other cognitive aging-related fMRI studies, such as studies on the HERA model of
prefrontal encoding and retrieval asymmetry(Duzel et al., 1999). However, we were
apprehensive that the nonagenarian subjects would be less willing to participate in a task
that requires more time and effort in the MRI machine. Encoding studies have shown
different brain activation patterns from the recognition task used in this study, but the pattern
of decreased prefrontal asymmetry with increasing age (HAROLD model(Cabeza 2002)
might extrapolate to the substantial more posterior symmetry observed in even older
subjects in the current study.

Although major stroke was an exclusion criterion, there was no assessment of other types of
cerebrovascular disease (CVD) such as silent infarcts or white matter hyperintensities. The
BOLD response is a complex hemodynamic signal that is susceptible to alterations in
cerebral blood volume, cerebral blood flow, and cerebrovascular reactivity. Changes in
cerebrovascular integrity with aging(Gillum 2002) are well-known and might have affected
BOLD responses in the observed directions independent of neural activity. However, in the
absence of direct information on CVD other than stroke, we compared the YO and OO
groups on cardiovascular risk factors (diabetes, hypertension, and hyperlipidemia), with no
significant differences (data not shown). Our study suffers from another limitation, laterality
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of findings is confounded by the lack of counterbalanced response – recognition was always
indicated by the right hand.

The interpretation of our findings remains tentative, due to limited current knowledge in two
critical topics: the changes of brain structure at advanced ages, and the analysis of activation
differences. Secular artifact in cross-sectional aging studies is well documented, as is the
age-associated increase of variance in brain morphology. Neuropathological studies show
brain weight, cortical thickness, and number of large neurons all decrease with age, while
total number of neurons and neuronal density may not change (Terry et al., 1987). Brain
imaging confirms the prevalence and variability of age associated changes, with some
subjects losing very little brain tissue even at advanced ages (Coffey et al., 1998).
Nonetheless, there is a substantial amount of redundancy and reserve capacity in the human
brain, which would limit damage due to loss or shrinkage of neurons (Creasey and Rapoport
1985). We also recognize that the interpretation of differences in activation magnitude is
nontrivial. When comparing activation to different stimuli within an individual, the
‘intensity’ of activation is not easy to quantify, or even to conceptualize, and has been the
subject of debate. The situation is even more complex when comparing across individuals or
groups. Volume and signal change may be positively or negatively correlated under different
circumstances (Ludemann et al., 2006;Jancke et al., 1998). Moreover, cognitive activity is
often associated with ‘deactivation’ (reduced activity) in some brain areas, and such
deactivation may be related to, perhaps even a prerequisite, for successful task performance
under some conditions (Miller et al., 2008).

Functional activation studies of cognitively intact elderly below the ages investigated here,
have demonstrated variable results, reporting both stronger and weaker activation than in
young subjects (Mason and Miller 1992;Sperling 2007). There are many possible confounds
that complicate the interpretation of these results, including subject characteristics such as
age, risk factors for degenerative and vascular dementias, gender, neuropsychological
performance level, educational attainment and cohort effects. The studies are also
methodologically diverse, with many differences in the nature and difficulty of the task, data
analytic techniques, block-design or event related fMRI, the use of covariates such as
cerebral atrophy, separation of activation from deactivation, and many more. Most
importantly, the advanced ages studied here have rarely been observed, and comparison of
our data to previous literature is, thus, tenuous. In the current study, we attempted to control
for confounds by extensive use of covariance analyses, inclusion of brain atrophy measures,
exclusion of subjects with impaired cognition and cognitive screening based both on the
MMSE and a CDR using informant as well as subject’s information. We ensured that all
subjects could perform the task at adequate levels, and that they did perform the learning
task while in the scanner. We also ensured that our two groups were equally educated, due
to the strong associations of education with the onset of Alzheimer’s disease and its
relationship with cerebral perfusion and neuropathology (Del et al., 1999;Stern et al., 1992).

Since education was not strongly correlated with activation, using education as a covariate
did not affect the results. Performance accuracy levels were slightly better in the YO group
but did not affect the differences in activation between the YO and OO groups. Similarly,
controlling for MMSE had minor effects on the results. The lack of changes in the results
after using those covariates might be a result of a relatively narrow range in each. CSF
fraction, in contrast, had a wider range and was, as expected, significantly higher in the OO
group, reflecting greater brain atrophy. Moreover, CSF amount was associated with
activation in many regions. Therefore, the analysis of covariance controlling for CSF best
identifies the differences between the YO and OO groups. The group comparison controlling
for CSF was more symmetric because differences in the left hemisphere became significant,
i.e., there were cortical regions in both hemispheres that were more activated in the YO
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group than in the OO group. Thus, despite limited knowledge regarding the interpretation of
activation differences and the age-associated cerebral changes, we have attempted to
overcome methodological uncertainties and believe that our findings are valid for this age
range.
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Figure 1.
Areas where the OO group demonstrated significantly lower activation than the YO group in
CSF-controlled ANCOVA (thresholded at p<.001, cluster size 20 voxels) are indicated by
the red color. L/R denote the left and right hemisphere, respectively. In this display, the
brain is viewed (from top left) from the front, rear, right side, left side, bottom and top.
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Figure 2.
Orthogonal display of hippocampal activation (color scale depicts magnitude of t statistic).
Significant voxels are shown in parasaggital, coronal and axial slices that include the
hippocampus, with activation noted in its posterior tip.
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Table 1

Characteristics of the sample- Mean (SD) or %

Young-Old (n=17) Old-Old (n=12) p-value*

Age (years) 75.3 (1.9) 91.0 (1.0) <.005

Sex (%F) 52.9 75.0 N.S.

Education 15.6 (2.97) 15.4 (2.48) N.S.

MMSE 28.9 (1.3) 27.5 (1.7) .03

Performance accuracy % 86.5 (5.3) 80.1 (6.1) .02

CSF fraction .62 (.08) .53 (.05) p<.001

*
p-value for t-test.
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