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Abstract

Few studies have examined the extent to which structural and functional MRI, alone and in
combination with genetic biomarkers, can predict future cognitive decline in asymptomatic elders.
This prospective study evaluated individual and combined contributions of demographic
information, genetic risk, hippocampal volume, and fMRI activation for predicting cognitive decline
after an 18-month retest interval. Standardized neuropsychological testing, an fMRI scans semantic
memory task (famous name discrimination), and structural MRI (SMRI) were performed on 78
healthy elders (73% female; mean age = 73 years, range = 65 to 88 years). Positive family history
of dementia and presence of one or both apolipoprotein E (APOE) ¢4 alleles occurred in 51.3% and
33.3% of the sample, respectively. Hippocampal volumes were traced from sMRI scans. At follow-
up, all participants underwent a repeat neuropsychological examination. At 18 months, 27
participants (34.6%) declined by at least 1 SD on one of three neuropsychological measures. Using
logistic regression, demographic variables (age, years of education, gender) and family history of
dementia did not predict future cognitive decline. Greater fMRI activity, absence of an APOE ¢4
allele, and larger hippocampal volume were associated with reduced likelihood of cognitive decline.
The most effective combination of predictors involved fMRI brain activity and APOE &4 status. Brain
activity measured from task-activated fMRI, in combination with APOE &4 status, was successful in
identifying cognitively intact individuals at greatest risk for developing cognitive decline over a
relatively brief time period. These results have implications for enriching prevention clinical trials
designed to slow AD progression.
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INTRODUCTION

Alzheimer’s disease (AD) neuropathology begins decades before the onset of observable
symptoms [1]. Initiating interventions after symptom onset may be too late to make a
meaningful impact on disease course. Clinical trials designed to prevent or slow AD
progression have dramatically intensified the search for valid preclinical biomarkers. Extant
biomarker studies have demonstrated success in predicting conversion from mild cognitive
impairment (MCI) to AD using neuropsychological testing [2-5]; structural magnetic
resonance imaging (SMRI) measurement of hippocampal volume [6-8] and rate of atrophy
[9-11]; sMRI of entorhinal cortex volume [11-14]; cerebrospinal fluid (CSF) indices including
elevated isoprostane [15-17], elevated total tau and phosphorylated tau [18-20], and low
amyloid-g (AB)4 levels [15,21-23]; positron emission tomography(PET) involving regional
glucose metabolism [24,25] and amyloid imaging using the 11C Pittsburgh Compound B
[26-28]; and task-activated functional magnetic resonance imaging (fMRI) [29,30]. A more
challenging task for prevention trials, however, is to identify biomarkers capable of identifying
asymptomatic older persons at-risk for developing cognitive decline within the time frame
required of a prevention trial (2-3 years).

The apolipoprotein E (APOE) ¢4 allele is a well-known risk factor for late onset AD [31,32],
and healthy APOE &4 carriers have demonstrated faster cognitive decline than non-carriers
[33-35]. However, the biomarker potential for APOE alone is limited, given that the APOE
&4 allele frequency is less than 40% among AD cases [36,37], and it has a low positive
predictive value for AD diagnosis [38—40]. Using test-retest intervals of approximately three
years, studies using fluorodeoxyglucose (FDG) PET [34] and CSF taujg1/AB42 and ptauqgy/
A4 ratios [41] have shown promise for predicting cognitive decline in otherwise healthy
older adults. The relative invasiveness of these latter two approaches may preclude their routine
use in screening large numbers of cognitively intact participants for inclusion in prevention
trials.

Less invasive magnetic resonance imaging (MRI) techniques provide more practical
alternatives for identifying cognitively intact older adults at risk for future cognitive decline.
SMRI studies have demonstrated that smaller hippocampal and entorhinal cortex volumes at
baseline predict cognitive decline in healthy elders [42-47]. A task-activated fMRI study
[48] has also shown that increased number and spatial extent of activated regions at baseline
can predict memory decline after a two-year retest interval. Genetic risk in middle aged women
(family history of AD and at least one APOE &4 allele) has been associated with decreased
fMRI activation in extrastriate and posterior inferotemporal cortex at baseline, together with
further decreases after four years in these regions as well as left inferior frontal and premotor
cortex [49]. However, this decreased fMRI signal was not associated with cognitive decline in
this study. In contrast, using a word categorization task during fMRI with APOE &4 carriers,
nine older adults showing cognitive stability on episodic memory testing after five years
demonstrated increased left inferior parietal activation at baseline relative to nine participants
who demonstrated episodic memory decline; greater blood oxygen level dependent (BOLD)
fMRI response in this region was associated with better memory performance after five years
[50]. However, no hippocampal volume differences were observed at baseline between stable
and declining participants. No study to date has directly compared the relative sensitivity of
sMRI and fMRI approaches, particularly over a relatively brief interval (e.g., 1-2 years).

In this study, we compared the ability of SMRI and fMRI to predict cognitive decline over 18
months in a sample of cognitively intact older adults with varying degrees of AD risk, based
on family history of dementia and APOE &4 allele carrier status. The sMRI technique involved
measurement of hippocampal volumes. The fMRI task required the discrimination of famous
from unfamiliar names. Our previous studies using this task reported activation of a semantic
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memory system, including bilateral hippocampi, posterior cingulate, middle frontal gyrus, and
lateral temporoparietal junction [51-53]. The task can be performed with a high degree of
accuracy (> 90% correct) even in symptomatic amnestic MClI patients [54]. In a cross-sectional
study [55], we demonstrated that the brain activation patterns of healthy elders at risk for
developing AD (APOE &4, family history) could be differentiated using this task. The current
longitudinal prospective study used logistic regression to compare the relative efficacy of SMRI
and fMRI, alone and in combination, for predicting cognitive decline after an 18-month retest
interval. Because a greater potential exists for accelerated cognitive decline among APOE &4
carriers [33-35], we examined APOE genotype as an additional predictor of decline.

MATERIALS AND METHODS

Participants

Participants were 78 healthy older adults (73% female; Mage = 73 years, SD = 4.9 years;
Meducation = 14.9 years, SD = 2.7 years). The participants were drawn from a larger sample of
459 community-dwelling adults who were recruited via newspaper advertisements. Following
telephone screening, 92 participants met study inclusion and exclusion criteria, and 81 persons
agreed to undergo ApoE genotyping from blood samples, a neuropsychological evaluation,
and an fMRI scanning session. MRI data were not able to be obtained for three participants.
Family history was defined as a report of a clear clinical diagnosis of AD or a reported history
of gradual decline in memory and other cognitive functions, confusion, or judgment problems
without a formal diagnosis of AD prior to death in a first-degree relative. One participant
reported a diagnosis of AD in asecond degree relative, with some mild cognitive changes noted
in a parent prior to the parent’s death. Because our study examined the influence of AD risk
factors on prediction of cognitive decline, half of the participants were purposely selected
because they had a positive family history of AD. We expected that enrichment of our sample
with persons with a positive family history of AD would also increase the number of persons
who were APOE ¢4 positive, because APOE ¢4 tends to be more common among individuals
with a positive AD family history than among those with a negative AD family history [56,
57].

Family history of dementia was present in 51.3% of participants, and 33.3% of the sample
carried the APOE &4 allele. All participants underwent neuropsychological evaluation (see
below) and were cognitively intact when entering the study. Informed consent was obtained
consistent with the Declaration of Helsinki and institutional guidelines established by the
Medical College of Wisconsin Human Subjects Review Committee; all participants received
financial compensation.

Neuropsychological assessment and APOE genotyping

All participants underwent baseline neuropsychological testing, fMRI scanning, and APOE
genotyping. The neuropsychological battery included the Mini-Mental State Examination
[58], Mattis Dementia Rating Scale-2 (DRS-2) [59,60], Rey Auditory Verbal Learning Test
(RAVLT) [61], Geriatric Depression Scale [62], and Lawton Instrumental Activities of Daily
Living Scale (ADL) [63]. Alternate forms of the DRS-2 [64,65] and RAVLT [66] were used.
APOE genotype was determined using a PCR method [67]. DNA was isolated with Gentra
Systems Autopure LS for Large Sample Nucleic Acid Purification. All participants underwent
a follow-up neuropsychological examination after approximately 18 months.

Definition of cognitive decline

We defined cognitive decline as a reduction from baseline performance of at least one SD on
at least one of the three principal outcome indices (DRS-2, RAVLT Sum of Trials 1-5 [T1-
5], RAVLT Delayed Recall [DR]). Residualized change scores were computed for each
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cognitive measure by predicting T2 scores using T1 scores; this procedure adjusts for baseline
performance, practice effects, and regression to the mean [68—70]. Participants with
standardized residuals of —1.0 or lower were assigned to the cognitively declining group; the
remaining participants were classified as cognitively stable.

For the fame discrimination task [53], stimuli consisted of 30 famous and 30 unfamiliar names
randomly interspersed with 20 presentations of a centrally placed crosshair in order to introduce
“jitter” into the fMRI time series (interstimulus interval = 4 sec). Participants made a right
index or right middle finger key press for famous or unfamiliar names, respectively. Accuracy
and reaction time were recorded, and nonparametric signal detection indices were calculated
[71]. The imaging run began and ended with 12 sec of fixation and was 5 min and 44 sec in
duration.

Image acquisition

Whole-brain, event-related fMRI was conducted on a General Electric (Waukesha, WI) Signa
Excite 3.0 Tesla short bore scanner equipped with a quad split quadrature transmit/receive head
coil. Echoplanar images were collected using an echoplanar pulse sequence (TE =25 ms; flip
angle = 77 degrees; field of view (FOV) = 24 cm; matrix size = 64 x 64; TR = 2 s). Thirty-six
contiguous axial 4-mm-thick slices provided coverage of the entire brain (voxel size = 3.75 x
3.75 x 4 mm). High-resolution, three-dimensional spoiled gradient-recalled at steady-state
(SPGR) anatomic images were acquired (TE = 3.9 ms; TR = 9.5 ms; inversion recovery (IR)
preparation time = 450 ms; flip angle = 12 degrees; number of excitations (NEX) = 2; slice
thickness = 1.0 mm; FOV = 24 cm; resolution = 256 x 224). Foam padding was used to reduce
head movement within the coil.

Image analysis

Functional images were generated with the Analysis of Functional Neurolmages (AFNI)
software package [72]. Each image series was time shifted to the beginning of the TR and
spatially registered to reduce head motion effects using a rigid body iterative linear least squares
method. A deconvolution analysis was used to extract separate hemodynamic response
functions (HRFs) for correctly recognized famous and unfamiliar names. HRFs were modeled
for the 0—-16 second period post-stimulus onset. Motion parameters and incorrect trials were
incorporated into the model as nuisance regressors. Area under the curve (AUC) was calculated
by summing the hemodynamic responses at time points 4, 6, and 8 seconds post trial onset, a
measure of the curve peak yielding maximum signal-to-noise. Anatomical and functional scans
were transformed into standard stereotaxic space [73]. To compensate for anatomical variation,
functional images were blurred using a 6 mm Gaussian full-width half-maximum filter.

Spatial extent of activation for cognitively stable and declining groups

Voxelwise t-tests were used to generate separate statistical parametric maps for the stable and
declining groups. These maps indicate regions where the AUCs for famous and unfamiliar
names were significantly different. The statistical threshold was based on an individual voxel
probability (p = 0.005) coupled with a minimum cluster volume (0.73 ml). These values were
derived from 3,000 Monte Carlo simulations [74] and correspond to a whole brain family-wise
error threshold of p < 0.05.

Functional ROI analysis

A separate voxelwise t-test, comparing famous and unfamiliar names, was conducted on all
78 participants using the identical statistical threshold. This method identified significant
cluster volumes, which we refer to as functional regions of interest (fROIS). For each
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participant, an “average AUC” was calculated for all voxels within each fROI. These data were
then subjected to a principal components analysis (PCA) to further reduce the number of
regions that would serve as predictors in the logistic regression analysis (see below).

Hippocampal volume measurement

Leftand right hippocampal volumes were created using Freesurfer [75,76] and manually edited
on T1-weighted SPGR images by two raters blinded to participant group membership. Using
coronal views, the mask was further refined by excluding the fimbria and alveus and retaining
the hippocampus (uncal apex, cornu ammonis, subiculum, gyrus of retzius, and fasciola
cinerea). Hippocampal volumes were normalized by dividing by the total intracranial volume.
Intraclass correlation for the two raters was 0.87. The left and right hippocampal volumes were
then summed to create a single score.

Data analysis

Statistical analyses were performed using R, version 2.9.0. Group differences on
demographics, total hippocampal volume, and neuropsychological and fMRI task performance
were compared using t-tests and r2 effect size measures or Fisher’s Exact tests, as appropriate.
Logistic regression tested the ability of specific baseline variables to discriminate between
stable and declining participants. To avoid overfitting the data and to maintain a reasonable
subjects-to-variables ratio for each model, we restricted the set of predictors to no more than
four variables. Our models tested the effects of age, education, and gender (Model 1); APOE
&4 status and dementia family history (Model 2); hippocampal volume (Model 3); fMRI
activation (Model 4). Models 5 and 6 examined the additive effect of APOE ¢4 status with
either hippocampal volume or fMRI activation, respectively. Model 7 combined APOE ¢4
status with both imaging predictors. The ability of these models to differentiate between stable
and declining participants was assessed using the Nagelkerke R? and the concordance or C
index (related to the area under the receiver operating characteristic curve [77]. The Nagelkerke
R2 assesses the importance of the predictors in a given model relative to a “perfectly fitting”
null model [78]. The C index reflects the proportion of all possible pairs of declining and stable
subjects in which the declining participant in the pair had a higher predicted probability of
decline than the stable participant [77]. Values of R? and C for each logistic regression model
were validated with a bootstrapping analysis using 5000 resamples in order to assess each
model’s accuracy of prediction of decline across the entire range of probabilities [77]. This
approach yielded bootstrap-corrected values for RZ and C. Bootstrapping is the most efficient
model validation procedure, as it does not require holding out any data for cross-validation,
and each phase of model development (including assessment of the degree of overfitting the
data) is revalidated using repeated resampling from the entire sample [77].

RESULTS

Identification of cognitive decline

A total of 27/78 (34.6%) participants showed a one SD decline on at least one of the three
neuropsychological indices (DRS-2, RAVLT Trials 1-5, and RAVLT Delayed Recall). These
participants constituted the cognitively declining group and the remaining participants formed
the stable group. Figure 1 illustrates performance changes on the neuropsychological outcome
measures for the stable and declining groups. As expected, the stable group showed no
significant neuropsychological change after 18 months, while the declining group
demonstrated significant reductions on each of the three neuropsychological indices.

Subjective memory complaints were present in 33.3% of the declining group. Of the declining
participants, 2 (7.6%) satisfied criteria for MCI [79]. No participant demonstrated impaired
ADL skills at follow-up. Declining participants did not differ from stable participants on age,
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education, gender, or neuropsychological retest interval (Table 1). However, the APOE ¢4
allele was over twice as prevalent (51.9% versus 23.6%) among declining (3 2/¢3, 10 £3/¢3,
14 £3/¢4) than stable (5 €2/e3, 34 £3/e3, 11 £3/¢4, 1 £4/e4) participants.

Baseline neuropsychological testing and fMRI task performance

On baseline measures (Table 1), no significant differences were observed on the MMSE,
DRS-2, RAVLT Trials 1-5, and RAVLT Delayed Recall between the stable and declining
groups after controlling for multiple comparisons (Bonferroni adjusted alpha level = 0.0125;
0.05/4 tests). The stable group reported significantly more depressive symptoms on the GDS,
but no participant in either group was in the clinically depressed range. None of the participants
reported ADL impairments at baseline.

On the fMRI fame discrimination task, no differences were observed in accuracy, RT, or on a
signal detection measure of discriminability (d") between the stable and declining groups. For
both groups, mean accuracy exceeded 90% for identification of famous names and rejection
of unfamiliar names.

Baseline sMRI

Declining participants had a significantly smaller total hippocampal volume at baseline than
cognitively stable participants (Table 1).

Baseline fMRI

Figure 2 presents significant clusters based on a voxelwise analysis performed separately for
the stable and declining groups. The spatial extent of activated voxels is greater in the stable

than declining group, with most of the differences reflecting more activation during recognition
of famous names relative to unfamiliar names. The declining group showed a smaller amount
of activated tissue, with some regions showing the opposite pattern.

Figure 3A represents the results of the voxelwise analysis performed on the entire sample. This
analysis, restricted to the famous > unfamiliar name comparison, yielded eight fROIs (Table
2). A PCA was conducted on the average AUCs of these fROIs, yielding two components
accounting for 73% of total variance (Table 2). Five fROIs loaded significantly on a “Cortical”
component, shown in green in Fig. 3A, whereas two regions loaded on the “Hippocampal”
component (purple regions in Fig. 3A). The right cerebellum did not demonstrate significant
loadings [80] on either component and was dropped from the analysis. The unfamiliar > famous
name comparison resulted in four fROIs and a single PCA component accounting for 63.3%
of the total variance. This component did not predict cognitive decline and is not discussed
further.

Figure 3B presents a graph of the fMRI signal response to famous and unfamiliar names
compared to fixation (rather than just the comparison of these conditions) to address the
question of whether the effect is driven primarily by activation to famous names or the response
to novel names. For cognitively stable participants, both the Cortical and Hippocampal fMRI
signal demonstrated positive changes in the AUC in response to famous names and a decreased
AUC in response to unfamiliar names. In contrast, the cognitively declining participants
showed the opposite pattern, with greater AUC in response to unfamiliar names and reduced
AUC when presented with unfamiliar names. Using a mixed-design ANOVA that tested the
effects of group (stable vs. declining) and stimulus type (famous vs. unfamiliar), significant
group by stimulus type interactions were observed for the Cortical (F(1,76) = 8.88, p < 0.004)
and Hippocampal (F(1,76) = 8.11, p = 0.006) fMRI components.
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Logistic regression analyses

Seven logistic regression models were evaluated. For each model, bootstrap-corrected R2 and
C values are presented in Table 3. For each predictor within a model, coefficients, standard
errors, and significance levels are shown in Table 3, and odds ratios with 95% confidence
intervals are presented in Fig. 4. Models 1 and 2 indicate that age, education, gender and family
history of AD were not significant predictors of future cognitive decline. For Models 2-7,
APQE status, cortical and hippocampal fMRI activation, and hippocampal volume each
contributed significantly to the prediction of cognitive decline. Although Model 7 demonstrates
the largest R2 (0.293) and C index (0.789), only two of the four predictors were statistically
significant (cortical fMRI activation and APOE status), whereas the remaining two predictors
(hippocampal fMRI and hippocampal volume) were not. Model 5 (R2 = 0.285; C = 0.787) was
the second best model, with APOE genotype and both cortical and hippocampal fMRI
activation each contributing significantly to the prediction of future cognitive decline.

The Adequacy Index [77] is a recommended way of comparing the adequacy of a set of
predictors across models. It is unitless and is represented by ratio of the —2 log likelihood
statistic for testing a subset of predictors for the model of interest to the —2 log likelihood ratio
statistic for testing the joint significance of the full set of predictors. It ranges between 0 (no
predictive information for the subset of predictors) to 1 (complete predictive information for
the subset of predictors). Using the full set of predictors in Model 7, the Adequacy Indexes for
Models 2—6 are presented in Table 3. Model 1 was not included as there was no significant
predictor of decline using demographic variables. The fMRI measures alone (Model 3) account
for 46% of the total explanatory power for the set of variables, compared to hippocampal
volume alone (Model 4), which accounts for only 27% of the total explanatory power. Perhaps
more dramatically, Model 5, which uses the fMRI measures plus APOE genotype status
accounts for 87% of the explanatory power compared to Model 6 (hippocampal volume plus
APOE genotype status), which accounts for only 43% of the explanatory power.

DISCUSSION

Clinical trials involving pharmacological and lifestyle (exercise, cognitive enrichment, diet)
interventions are being considered to prevent or delay the onset of AD, even before symptoms
emerge. For clinical trials to be maximally successful, enrichment of the sample with elders at
the greatest risk for experiencing cognitive decline over the course of a typical clinical trial
(2-3 years) is essential. Results of our prospective study indicate that combining genetic risk
and MRI biomarkers can effectively identify such individuals, even after a relatively brief 18-
month retest interval. Specifically, we were able to correctly order 78.9% of possible pairs of
stable and declining participants using a combination of APOE genotype, cortical and
hippocampal fMRI, and hippocampal volumes. APOE genotype and fMRI (cortical and
hippocampal) predictors alone correctly ordered 78.7% of possible pairs. In contrast,
hippocampal volume, alone or combined with APOE status, correctly ordered only 68.7% and
70.2% of pairs, respectively. Without the benefit of imaging data, family history of dementia
and APOE status correctly ordered only 61.5% of possible pairs (chance prediction = 50%).
Overall, our findings suggest that the combination of fMRI and APOE genotype status holds
promise for successfully screening at-risk, but asymptomatic, participants for prevention trials.

Our results would appear to be at odds with a similar prospective fMRI study [48], in which
increased brain activation was associated with lower scores on episodic memory tasks after a
two year retest interval. It is important to note two important methodological differences
between the two studies. First, the number of participants who underwent follow-up
neuropsychological testing in the earlier study (n = 14) was considerably smaller than those in
the current study (n = 78). Second, the previous study used an effortful episodic learning and
recall task and did not report task performance during fMRI scanning. It is conceivable that
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declining participants performed more poorly at baseline on the fMRI task than those who were
stable over the retest interval. Such differences in task performance, if present, could have a
meaningful impact on the pattern of brain activation, especially since error trials could not be
eliminated from the blocked design trial format used in the previous fMRI study. In contrast,
the current event-related study used a low effort, high accuracy (> 90% correct) semantic
memory task in which the few error trials that did occur were excluded from the final image
analyses.

In a previous study [55], we reported greater semantic memory activation in cognitively intact,
APOE &4 carriers relative to non-carriers. As in the current study, we defined semantic memory
activation by a greater BOLD response to famous than unfamiliar name stimuli. Based solely
on the cross-sectional results reported in our previous study, one might predict that greater
semantic activation would be a predictor of future cognitive decline. However, in our prior
study, we did not segregate declining from stable participants within each of the two risk
groups. The current longitudinal results suggest that having increased semantic memory
activation may paradoxically afford a protective effect against future cognitive decline in both
high and low risk individuals. This effect is illustrated in Fig. 5. The 12 APOE &4 carriers in
the stable group demonstrated greater cortical activation in response to familiar than unfamiliar
names; in contrast, the 14 declining APOE &4 carriers exhibited greater activation to
unfamiliar than to familiar names. Among the non-carriers, a similar pattern was observed,
albeit with less overall semantic memory activation for the group as a whole. Among the 39
stable non-carriers, the degree of cortical activation was comparable for famous and unfamiliar
names, whereas the 13 declining non-carriers demonstrated greater activation for unfamiliar
than famous names.

Our finding that increased baseline fMRI activation is protective against future cognitive
decline in cognitively intact elders is consistent with prior studies reporting increased task-
related BOLD signal in parietal cortex in cognitively stable participants after five years [50,
81]. Increased activation may reflect greater cognitive reserve in asymptomatic persons,
particularly in regions subserved by the cholinergic system. Increased brain activation in these
regions has been observed following administration of cholinesterase inhibitors in MCI and
AD patients [82-87]. We speculate that improved cognitive reserve, possibly manifested by
increased neuronal firing rate or recruitment of additional supportive neuronal regions, permits
continued functioning at a higher level in the face of early neurodegenerative changes. Persons
who have lost this propensity for functional compensation are at increased risk of future
cognitive deterioration.

Our famous name recognition task activates brain regions (posterior cingulate gyrus, posterior
inferior parietal cortex, middle temporal gyrus, fusiform and parahippocampal gyri,
hippocampus, and medial superior frontal gyrus) commonly associated with the “default mode
network” (DMN) [88,89]. The DMN is frequently correlated with uncontrolled semantic
processing resulting from task-unrelated thoughts that occur during resting scan conditions.
Prior work by Binder and colleagues [90,91] has demonstrated considerable overlap between
brain systems associated with the resting state DMN and those activated by controlled semantic
memory processing tasks. Recent studies [92-94] have suggested that disruption of the DMN
can occur in early AD. Not surprisingly, our results have shown that participants who have
experienced cognitive decline after 18 months also demonstrate reduced baseline semantic
memory activation in cortical regions that overlap with the DMN (see Fig. 5). Moreover, the
AUCs corresponding to the fMRI signal in both cortical and hippocampal regions were reduced
in response to famous names and increased in response to unfamiliar names for cognitively
declining participants (Fig. 3B). Cognitively stable participants showed the opposite pattern.
Future studies are required to determine the relative sensitivity of baseline measurements of
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the resting state DMN versus task-activated semantic memory processes in predicting future
cognitive decline among asymptomatic persons.

Baseline hippocampal volume, corrected for intracranial volume, significantly predicted future
cognitive decline, both alone and combined with APOE genotype. However, its predictive
accuracy was not as strong as the combination of fMRI and APOE genotype. Considerable
inter-individual variability in hippocampal volumes occurs in cross-sectional studies of
cognitively intact elders, and hippocampal volume may sometimes be inversely related to
cognitive abilities [95]. A recent meta-analysis concluded that the relationship between
hippocampal size and episodic memory performance across the lifespan was weak [96]. While
rate of hippocampal atrophy has provided more compelling evidence of a relationship with
cognitive decline in healthy older adults [97-99], the requirement of two measurement periods
separated by up to two or more years makes this biomarker impractical for widespread use for
enriching prevention trials.

This study adds to the growing body of literature showing that combinations of biomarkers
show greater predictive accuracy compared to individual biomarkers [16,100]. A stepwise
combination of biomarkers might be considered for balancing invasiveness, cost-containment,
and predictive accuracy when used in the context of identifying at-risk, but otherwise healthy,
participants for prevention trials. For instance, a prevention trial screening process might
include APOE genotyping as a first step, followed by task-related fM-RI activation performed
in APOE &4 carriers. More invasive tests, such as CSF biomarkers and PET imaging (FDG or
amyloid), could then be administered as further selection criteria for enriching study samples.
However, because we did not perform these additional tests, we cannot state conclusively
whether these procedures provide incremental predictive accuracy beyond the combination of
APOE genotyping and task-activated fMRI.

It is important to acknowledge other limitations of this study. Our neuropsychological battery
focused on cognitive abilities most likely to be affected in early AD and may have missed
significant changes in other cognitive domains among our stable participants. Our study also
defined cognitive decline based on change in neuropsychological test scores rather than on a
change in diagnostic category, i.e., conversion to MCI or early AD. In our opinion, the rate of
conversion from intact cognition to MCI/AD is too low to be used as a meaningful outcome
variable in prevention trials. Nevertheless, the extent to which increased baseline fM-RI
activation is specific to predicting early AD-related changes or more general age-related
cognitive decline will await long-term follow-up studies. Finally, despite the fact that all
participants performed within normal limits at baseline on all cognitive measures, baseline
neuropsychological performance demonstrated non-significant trends for lower performance
in the declining group on the two RAVLT measures and on the MMSE. Thus, it is conceivable
that several participants in the declining group were actively undergoing cognitive decline.
However, our outcome measure was based on the degree of cognitive decline from baseline
performance (1 SD or more) rather than absolute levels of performance. Furthermore, our
regression-based approach to defining cognitive change controlled each participant’s follow-
up level of performance for his or her baseline level of performance. Small baseline differences
would be unlikely to account for the dramatic cognitive change in the declining group relative
to the stable group as depicted in Fig. 1.

In summary, our study provides evidence of the ability of task-related fMRI, in combination
with APOE genotype, to predict future cognitive change in healthy older adults. This
combination of static genetic propensity to develop AD and an fMRI approach that measures
brain activity during a low-effort, high accuracy task, can be valuable for enriching a prevention
trial with healthy persons at high risk of impending cognitive decline. Biomarker combinations
tapping different aspects of pathological changes associated with AD that are widely available,
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easily implemented, minimally invasive, and relatively inexpensive will likely assume
increasing importance in future clinical trials designed to prevent or slow AD progression.
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Fig. 1.

Mean baseline and follow-up performance (with standard errors) on principal
neuropsychological outcome measures for cognitively stable and declining participants. There
were no significant (p < 0.05) group differences at baseline. The 18-month follow-up shows
expected group differences in cognitive functioning, validating the group selection criteria.
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Stable Declining

Fig. 2.

Group differences in activation derived from the comparison of the famous versus unfamiliar
names condition: Famous > Unfamiliar represented in red; Unfamiliar > Famous in blue. Note
the greater spatial extent of activation in the Famous > Unfamiliar names comparison in the
stable group. (Colours are visible in the electronic version of the article at www.iospress.nl.)
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Fig. 3.

A) Regions comprising the Cortical (green) and Hippocampal (purple) fMRI activation
principal components for the Famous > Unfamiliar names comparison. B) Cortical and
Hippocampal fMRI signals (areas under the curve) contrasting famous name recognition versus
fixation and unfamiliar name identification versus fixation for cognitively stable and declining
participants. (Colours are visible in the electronic version of the article at www.iospress.nl.)
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Fig. 4.

Odds ratios and 95% confidence intervals for seven logistic regression models. Odds ratios
whose 95% confidence intervals overlap with 1.0 (represented by vertical dashed line) are not
statistically significant. Odds ratios > 1 indicate greater probability of decline with increasing
value of predictor; odds ratios < 1 indicate reduced probability with increasing predictor values.
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Fig. 5.

Percent MR signal intensity (+ SEM) for stable and declining APOE &4 carriers (¢4+) and non-
carriers (¢4-). Positive values reflect greater BOLD response aggregated across activated
cortical regions in response to famous relative to unfamiliar names; negative values reflect
greater BOLD response to unfamiliar relative to familiar names.

J Alzheimers Dis. Author manuscript; available in PMC 2010 September 17.



Page 21

JUBISUOD 8JaM elep
*

"aWI] UonJesy = | ¥ ‘UOIRUILILIOSIP UOIIda18p [eubls = ,p ‘8[eds uoissaldaq dLIeLeD = SA9
Buin Ajreq Jo seniAnoy [eluswinisu| = V| ‘[edss pakejsp = ¥a se L Buluses jequs A Alolpny Ay = 1 TAVY ‘Z-8180S Buney enuswiaq s = 2-S4Q -UOIBUILIEXT 81EIS [IUBN-IUIIAl = SINIA ‘810N

Woodard et al.

sdnoub Buiuijosp pue a|qels 10J eIep [eIoIARY3(] [HINL pue souewlopad [ea1bojoyaAsdoinau ‘sonsusioereyd sjdwes

NIH-PA Author Manuscript

000 0S50 90€T-—¥86 G8E TIOT  209Z—CT6 ¥S€  0L9T Jerjiweun LY
000 ¥6'0 6.9T-€/8 08T 0T 988106, <¢¢¢ 99T snowed 1y
€00 ST0 92G¢ T ¥S 9.¥€ T¢I 8§ P
200 20 00T-€9 88 ¢S6  00T-LL 9 696 TeljiueIuN 1981100 %
v00 010 00T-€. ¥, %06 O00T-€L 89 T¢€6 snoued 1931100 %
aduewWIOMBd sel [HIN}
L00 200 8-0 8T  ¥T 8-0 sz LT sao
- M GG 0 S S-S 0 S 7Qavi uoweT
v00 800 €I-0% 8T 6 06T-0% 92 T0T da LAV
S00 00 656 T8 89 99-€€ 88 90§ G-Ts[elL LIAVY
200 SZ0 YYT-0ST  8€ L6ET  wyI-LZT  TE  LOYT [e101 2-S4Q
900 %00 0eS¢ 7T 68¢ 0e-Lt 80  ¥6¢C ISIAN
Bunsa] [eaibojoyoAsdoinan
900 TO0 9S5TE 90 TV 6G7¢ G50 G¥  dwn|oA [edwedoddiH [eoL
700 Tr0 169687 v 9095 €968y GEF LTSS (sAep) [ersepu) 1sa18y
- 200  (%28) +¥T (%8y) —€T (%ve) +2T (%92) -6 snieIS 8 30dV
- 680  (%6S) +9T '(%Tv) -TT (%Lv) +¥2 '(%€S) —L2 snye)s AuoisiH Ajire
- BL0 (%02) 46T (%0€) N8 (%S2) 98¢ (%52) NET lapusg
700 Ov0 €-0TT 2€ 9%l 0€z02T &¢ TSI (s1eak) uoneonp3
700 Tr0  ¥8-59 Ly L€l 88-G9 TS Ll (s1eak) aby
sonsuloeIey) 9)dwes

2 d abuey as uesiN abuey as uesiy

(Lz =u) buiuipeq

[CEDECES

T 3lqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

J Alzheimers Dis. Author manuscript; available in PMC 2010 September 17.



Page 22

Woodard et al.

'sasAjeue Juanbasgns wo.y paddolp sem Juauodwod siyy ‘auljaap 191paid 10U pIp eyl
Juauodwod auo pajeanal (Sn1A9 [endiddQ aIpPIA B3 ‘einsu] By ‘ealy 1010 Areyuawalddns [elsle|ig ‘SniA9 [enusdaid YaT) SIaIsn|d (Jeljiwe < Jerjiwejun) uolieAlloe aAlefiau Jnoj uo pajonpuod \dd
*

‘[08] 0950 sem sBuipeo] Juauoduwod Jueatyiubis Apnuapt 01 pasn (T0° = d'M49),2) anjen [eanuD e10N

€T 6T¢— 8¥.- €T1 892°0 sra ] (T snuD) wingagaisd Wby 8
sndwesoddiH ‘snik9
98°0 9TT- T€Z- 6 960 €500 [edweooddiyered ybry L
sndwesoddiH ‘sniko
62¢ L0T- 12— 6'TC— 868°0 6920 [edwesoddiyesed Yo S
SnJA9 |ejuoid
e 89y §9T §ce 6000 6€8°0 3IppIN ‘“1ouadns 161y 9
89'8T T2 965 29 §/2°0 S18°0 sniA9 senbuy Wby 4
¥8'0¢ v §'6¢ 8 LT 8100 5080 SnIA9 [ejuold Jonadns Yo €
T y1°9¢ L'€C  6'65— VG- 992°0 6880 snuA9 Jeinbuy Yoo 4
SNauNJald ‘Xa10)
G0'.LE 9ve ¥<¢S— 60— 1G2°0 ¥88°0 are|nful) Jouslsod |elare|ig T
awnjoA dnoio Bululoag  swnjoA dnoao ajqers z K X sbuipeo Jusuodwo) redwedoddiq  sbuipeo] Jusuodwo) 810D uoifay  # uoibay

(Jeljiwejun < snowed) UONILIIGNS SWEU Jel|ILEUN SNSISA SNOWEY 10} 190} UOIIEADY

c?9lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Alzheimers Dis. Author manuscript; available in PMC 2010 September 17.



Page 23

Woodard et al.

'$10301pa.d 40 1S |10} 8y} BuIueILoD |3pOW BY) JO O1Je) POOY1[3Y1| BY} O} 1SaJaIul
JO [3powW 8y} JO O1Ie POOY1|3X1| Y3 40 o1rel 3y Buisn (2 |9pOIN) S10101paid 40 18s [€101 By} BUILIEIL0D [9pOW B 0} dAIR|3) SI0301pald 40 19sgns & Jo Jamod Aloyeur|dxa [e10) 8U} 1931481 Xapul Aoenbapy ;310N

G100 ¥9'0 8S9S'T 3o0dy
€800 G¥S'0 G¥6'0— BwnjoA ‘ddiH
7900 8¥E0 ¥¥9'0- 14N “ddiH

L000 9E€'0  6760— IYA4IeIMOD  68L0 €620 T 90'5e L 19pON
SY00 8250 9S0'T 30dy
€700 670 T660- SwWNOAddiH  Z0L0  ZET0 V0 80T 9 13poN
€000 2I90 9¥8'T Jodvy

TE00 €2€0 6690- 1Y} ddiH
€100 600 /80— IMIN[EOIMOD  /8/0 G820 6980 LLTZ G 19poN
9700 8¥0 9T'T-  wnA'ddiH /890 8600 1z20 9.'9 ¥ 19poN
v€0'0  2OE0 2v90- 1YY ddiH

¢c00  €6¢0 190- 1dIA} [B110D €TL0 SST'0 90 €STT € [SPOIN
¥100 €€90 L0C'T 3o0dy

G8L°0 ¥2¢50 EVI0 XH Ajiwre ST9°0 €900 ¢SC0 €€'9 C I3POIN
§6.°0 9¥S0 <cv10- Jspus

Ly€'0 €600 880°0- uoneoanpg

¥79'0  TS00 9€0°0 aby G850 0 b 697 T I3POIN

d 35 J0D SO|eBA  XepUID M Xapul Aoenbapy  oney pooyiadi]

suolssalfial a11s160] Jo s1nsey
€9lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

J Alzheimers Dis. Author manuscript; available in PMC 2010 September 17.



