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Abstract
Recent language studies in aging and dementia provide two complementary lines of evidence that:
(1) measures of semantic knowledge and word-finding ability show declines comparable to those of
episodic memory, and greater impairment than executive function measures, during the prodromal
period of Alzheimer’s disease and (2) cognitively intact older adult carriers of the apolipoprotein E
(APOE) ε4 allele also demonstrate poorer object naming than their low-risk peers. Given that possible
changes in the neural substrates of word retrieval (e.g., Broca’s area and fusiform gyrus) in at-risk
adults may signal impending cognitive decline and serve as a prodromal marker of AD, we examined
whether APOE ε4 carriers exhibit changes in brain response in regions subserving word retrieval
and semantic knowledge. Eleven cognitively intact APOE ε4 older adults and 11 age, education, and
family history of AD-matched APOE ε3 adults named aloud photographs of animals, tools, and
vehicles during event-related fMRI. Results showed that, in the face of equivalent naming accuracy,
APOE ε4 adults demonstrated more widespread brain response with greater signal change in the left
fusiform gyrus, bilateral medial prefrontal cortex, and right perisylvian cortex. Findings are discussed
in the context of possible compensatory mechanisms invoked to maintain performance in those at
genetic risk for AD.
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Introduction
The apolipoprotein E (APOE) ε4 allele on chromosome 19 is a major genetic risk factor for
late-onset Alzheimer’s disease (AD) that may account for as much as 50% of the risk for
developing the disease (Ashford & Mortimer 2002, Saunders et al 1993). Apolipoprotein E in
its ε2 and ε3 isoforms plays a fundamental role in cell maintenance and repair through its
function in lipid transport and cellular metabolism; however, the effectiveness of the ε4 isoform
in this role is questionable. While the mechanisms underlying the role of APOE ε4 in AD are
not fully understood, the APOE ε4 genotype has been linked with increases in amyloid β
deposition, dysregulation of tau phosphorylation, mitochondrial damage, and disruption of
cytoskeletal structure (Mahley & Huang 1999, Mahley & Huang 2006, Mahley & Huang
2009). The ε4 allele has also been associated with small vessel arteriolosclerosis and
microinfarcts of the deep nuclei in autopsy-confirmed patients with AD (Mahley et al 1996,
Tiraboschi et al 2004, Yip et al 2005). Non-demented APOE ε4 carriers show subtle functional
and structural brain differences (Bondi et al 2005, Bookheimer et al 2000, Han et al 2007,
Johnson et al 2007, Lind et al 2006, Mondadori et al 2007) and cognitive changes (Bondi et al
1999, Bretsky et al 2003, Jorm et al 2007, Lind et al 2006, Miller et al 2005, Mondadori et al
2007) that may reflect a prodromal phase of AD. In fact, these cognitive declines and functional
changes in APOE ε4 carriers tend to become most evident after age 65 (Jorm et al 2007). By
contrast, young ε4 carriers have been shown to demonstrate better episodic memory
performance and reduced learning- and retrieval-related activity (Mondadori et al 2006),
suggesting that the negative effects of the APOE ε4 allele accelerate with age.

There is strong evidence to suggest that AD results in neuropsychological and brain changes
that occur several years or more prior to the frank expression of clinical symptoms that warrant
a formal diagnosis of dementia (Twamley et al 2006). Although the assessment of cognitive
changes in prodromal AD has largely focused on episodic memory, recent evidence suggests
that AD need not begin solely as a memory disorder (Storandt et al 2006). Indeed, subtle deficits
in a broad range of neuropsychological domains, including executive functions, perceptual
speed, verbal ability, visuospatial skill, and attention, have been implicated during the
prodromal period (Backman et al 2004, Backman et al 2005, Jacobs et al 1995, Storandt et al
2006, Twamley et al 2006). This widespread decline in cognitive abilities mirrors evidence
that multiple brain regions (e.g., medial and lateral temporal lobes, frontal lobes, anterior
cingulate cortex) and connectivity between these regions are impaired in prodromal AD (Albert
et al 2001, Andrews-Hanna et al 2007, Small et al 2003).

Changes in language abilities during prodromal AD have been the subject of some interest.
Studies have shown that these changes are characterized by word finding difficulties on tests
of verbal fluency and object naming. Word finding deficits during verbal fluency and object
naming tasks have also been demonstrated in cognitively intact older adults with the APOE
ε4 allele compared to those without the ε4 allele (Miller et al 2005). Because word retrieval
requires access to both word forms (i.e., lexical forms) and meaning (i.e., semantics), the poor
performance of those at risk for AD may result from either source. Specifically, decline in the
ability to strategically access, select and retrieve appropriate lexical word forms has been
associated with deterioration of frontal neural substrates in the inferior frontal gyrus (e.g.,
Broca’s area) and medial prefrontal cortex (e.g., cingulate region) (Barch et al 2000, Carter et
al 2000, Crosson et al 2005, Gabrieli et al 1998, MacDonald et al 2000, Thompson-Schill et
al 1997, Wagner et al 2001), whereas a deterioration of semantic stores for representations of
meaning are thought to reside, at least in part, in the inferior temporal cortex (Chao et al
1999, Ishai et al 1999, Wierenga et al 2009). Our previous studies, however, suggest that
difficulty accessing lexical word forms contributes to word finding difficulties in normal aging
while semantic memory remains intact (Wierenga et al 2008). In the context of equivalent word
retrieval performance, healthy older adults activated frontal cortical regions in the contralateral
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right hemisphere (Broca’s area homologue) in addition to those both they and young adults
activated, although they did not recruit additional neural substrates responsible for semantic
knowledge during the word retrieval task. These results suggest that difficulty accessing lexical
word forms may be a consequence of normal aging or AD, whereas a breakdown of semantic
knowledge may be unique to AD and its prodrome.

A number of studies have shown that semantic memory that underlies general knowledge and
language is often disturbed in patients with mild cognitive impairment (MCI; a likely AD
prodrome) (Adlam et al 2006, Duong et al 2006, Hodges et al 1995, Kraut et al 2006) or early
AD (Hodges et al 1995, Nebes 1989). Adults with AD exhibit a significant confrontation
naming deficit (Bayles & Tomoeda 1983) characterized by semantically-based errors, thought
to reflect a pronounced deterioration of semantic memory. The integrity of semantic memory
in adults at genetic risk for AD by virtue of the APOE ε4 allele has not received much attention
despite the finding that measures of semantic knowledge show significant declines during
prodromal AD (Mickes et al 2007); see also (Cuetos et al 2007, Powell et al 2006). Mickes
and colleagues (2007), for example, have shown that both semantic memory and episodic
memory functions declined rapidly in a three-year period progressing to AD, whereas executive
function deficits were not especially prominent. From these findings, the authors suggest that
cognitive abilities thought to be subserved by the medial and lateral temporal lobes (episodic
memory and semantic knowledge, respectively) may be substantially more impaired than
cognitive functions subserved by the frontal lobes (executive functions). These findings are
consistent with previous results of decreased semantic access in nondemented APOE ε4 older
adults (Rosen et al 2005) and correspond well to the known neuropathologic encroachments
of AD early in the disease process (Braak & Braak 1991). The findings are also consistent with
recent reports of the ability of language tasks to predict pathologic AD six years later in non-
demented individuals (Powell et al 2006).

Several lesion and functional neuroimaging studies demonstrate that the inferior temporal lobe,
especially the fusiform gyrus, is a focal point for the integration of visual and semantic
information. A medial-lateral distinction has reliably been found for nonliving vs. living
objects, respectively, in the fusiform gyrus (Chao et al 1999, Ishai et al 1999, Mahon et al
2009, Wierenga et al 2009). In addition, we recently reported a dissociation between semantic
category (living vs nonliving) and visual attribute (global vs local form) processing in the
fusiform gyrus for younger and older adults performing an object naming task (Wierenga et al
2009). The ability to make such fine-grained semantic distinctions suggests that a similar
object-naming paradigm could be effective in detecting subtle breakdown in semantic function
that might occur in APOE ε4 carriers. This is particularly true given that a recently identified
neural pathway interconnecting the mid-fusiform region with the amygdala/hippocampus is
thought to be important for object recognition and memory consolidation and may be disrupted
in AD (Smith et al 2009).

Only a few functional neuroimaging studies, restricted to middle-aged adults, have investigated
language (e.g., verbal fluency, object naming) in APOE ε4 carriers. Results from these studies
indicated that high-risk middle-aged women (e.g., positive family history of AD and an ε4
allele) had increased left parietal brain activation during covert verbal fluency and reduced
inferior temporal cortex activation during verbal fluency and object-naming (Smith et al
2002). Furthermore, the reduction in inferior temporal lobe activity was correlated with
eventual cognitive decline (Smith et al 2005). It is not known, however, if these results
generalize to older adults given that better performance tends to correspond to decreased blood
oxygen level dependent (BOLD) response in younger adults with an ε4 allele (Mondadori et
al 2007) but to increased BOLD response (thought to reflect compensatory mechanisms) in
older adults with an ε4 allele. These contradictory findings may reflect antagonistic pleiotropy
whereby the ε4 allele could have protective effects (e.g., on survival and cognition) during
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young adulthood, but well-known detrimental effects during the post-reproductive years (Bloss
et al 2008). The interpretation of the decreased activity in middle-aged high risk adults during
object naming is further complicated by evidence that APOE ε4 and family history (at least in
middle-aged adults) interact and independently influence brain function in regions thought to
be involved in AD pathology (Johnson et al 2007, Johnson et al 2006, Trivedi et al 2008, Xu
et al 2009).

The purpose of the present study was to use functional magnetic resonance imaging (fMRI) to
examine changes in the neural substrates underlying word retrieval in non-demented older
adults at genetic risk for AD by virtue of the APOE ε4 allele. Because semantic knowledge
and word-finding ability have been shown to deteriorate as much as episodic memory, and
more than executive function, during the prodromal period of AD (Mickes et al 2007, Oldfield
1971), such changes may herald the onset of cognitive decline. Furthermore, group differences
in functional activity in either frontal or inferior temporal regions would help clarify the neural
substrates of word retrieval changes in at-risk older adults. Therefore, we hypothesized that
APOE ε4 adults would show increased brain response in frontal regions, thought to reflect
compensatory recruitment of executive control mechanisms underlying the ability to retrieve
lexical information, but decreased response in inferior temporal regions consistent with
dysfunction in posterior brain regions affected in early AD (Braak & Braak 1991).

Materials and Methods
Participants

Twenty-four healthy older adults from a larger pool of more than 80 volunteers enrolled in a
longitudinal study of healthy aging participated. Participants were recruited through newspaper
advertisements and community lectures (i.e., no clinic-based or medical referral sources). All
participants were considered normal based on extensive medical, neurologic, laboratory, and
neuropsychologic evaluations. All participants were native English speakers and strongly right-
handed (Oldfield 1971). Potential participants were excluded if they reported a history of
neurological disease, dementia or Mild Cognitive Impairment, cardiovascular disease,
uncontrolled hypertension, or a Diagnostic and Statistical Manual of Mental Disorders-Fourth
Edition Axis 1 diagnosis of learning disability, attention deficit disorder, or substance abuse.
In addition, participants were excluded if they had metal in their body other than dental fillings,
reported poor visual acuity, or if they were taking prescription psychoactive medications. No
participant reported a significant level of depressive symptoms on the Geriatric Depression
Scale (i.e., GDS ≥ 10). Participants were instructed to abstain from caffeine the day of the scan.
Of the 24 adults scanned, two individuals were excluded from further analysis due to excessive
movement (i.e., met a priori criterion of excessive motion as determined by the number of
outliers in the time series exceeding 1.2 standard deviations above the group mean as
determined by AFNI’s 3dToutcount program).

All participants in the larger pool were genotyped for APOE using a polymerase chain reaction-
based method (Saunders et al 1993). In a yoked sample design, the first 12 eligible ε4 adults
and the first 12 demographically-matched eligible ε3 adults scheduled for their annual
assessment were enrolled in the study. Of the 22 adults included in the study, 11 participants
were ε3/ε3 homozygotes, 2 were ε4/ε4 homozygotes, and 9 were ε3/ε4 heterozygotes. As
shown in Table 1, the APOE ε3 group and the APOE ε4 group did not differ significantly in
age, level of education, sex distribution, or family history of Alzheimer’s disease (defined as
having at least one first degree relative with AD). Moreover, on formal neuropsychological
testing, the two groups did not differ in global cognitive functioning as assessed by the Mattis
Dementia Rating Scale-II (DRS), in estimated premorbid verbal IQ as measured by the
American version of the National Adult Reading Test (ANART), or in confrontation naming,
verbal fluency, aspects of executive function, or memory measured by the Wechsler Memory
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Scale-Revised (WMS-R) or the California Verbal Learning Test (CVLT). Participants did not
demonstrate deficits on cognitive screening or formal neuropsychological testing, nor did they
demonstrate significant affective disturbance, functional impairment, or difficulties with
activities of daily living (Table 1). Furthermore, groups did not differ on structural MR indices
of whole brain, gray matter, white matter or hippocampal volumes, white matter lesion burden,
or cortical thickness in frontal and temporal regions of interest (see Table 1). This research was
approved by the Ethics Committee and Institutional Review Board at the University of
California at San Diego and VA San Diego Healthcare System. Written informed consent was
obtained from all participants according to guidelines established by the Declaration of
Helsinki.

Experimental Design and Procedure
FMRI naming task—Participants alternated between an overt picture naming task and a
passive viewing task during four functional imaging runs (similar to the task previously
reported by Wierenga and colleagues (Wierenga et al 2008, Wierenga et al 2009). During the
visual naming task, 20 grayscale photographs of animals, 20 grayscale photographs of tools or
implements, and 20 grayscale photographs of vehicles were presented for a total of 60 naming
trials during the scanning session. Photographs were chosen based on the results of a previous
study (Wierenga et al 2009) that assessed the amount of high spatial frequency content needed
for object identification between categories. Photographs were equated for size and resolution.
A training phase that used a different set of photographs preceded the experimental phase.

Pictures were presented one at a time for 3400 ms each, in an event-related format, and
participants named each picture aloud. An event-related design was chosen to allow for overt
responding so that performance accuracy and response latency could be assessed. Between
trials, participants were instructed to rest quietly, and to look at abstract patterns derived by
pixelating photographs from the naming task using Adobe PhotoShop 7.0, which served to
randomize the pixels while maintaining image luminance. The interstimulus interval equaled
a variable intertrial interval plus 3400 ms for each picture naming trial. Intertrial intervals were
pseudorandomly varied between 13600 ms (8 images), 15300 ms (9 images), 17000 ms (10
images) and 18700 ms (11 images) to mitigate effects of periodic or quasi-periodic
physiological noise, and to allow the hemodynamic response to return to baseline before the
participant spoke again to prevent contamination of the latter part of the hemodynamic response
by movement during the subsequent response. Experimental runs began and ended with a rest
interval. There were 15 trials in each of the 4 experimental runs. Each 15-trial run was 323s in
length and acquired 190 functional images for each slice. Stimuli were presented using E-Prime
Version 1.1 software via an LCD projector that was back-projected onto a screen at the
participant’s feet. Overt verbal responses were monitored using a bidirectional dual
microphone (Resonance Technology, Inc.). Microphone output was run through the
penetration panel into the scanner control room and connected to a Dell Inspiron Laptop
Computer with Adobe Audition 1.5 software that recorded verbal responses from each
scanning run. These responses were scored for accuracy and reaction time off-line.

Image acquisition—All data were acquired on a GE Signa Excite 3-T whole body system
with a body transmit coil and an 8-channel receive-only head coil. Functional images were
obtained with a 1-shot gradient echo EPI scan: 24 cm FOV, 64 × 64 matrix, 3.75 mm × 3.75
mm in-plane resolution, TR=1700 msec, TE= 30 msec, flip angle=70°. Twenty-eight 5 mm
thick sagittal slices covering the whole brain were acquired. Two field maps were collected to
correct for distortions in EPI images due to susceptibility artifact: 24 cm FOV, 64 × 64 matrix,
3.75 mm × 3.75 mm in-plane resolution, TR=1,000 msec, TE=minimum full (1st field map)
or 5.5 (2nd field map), flip angle=60°, 28 5 mm thick sagittal slices covering the whole brain.
A high resolution T1-weighted 3D MP-RAGE scan was obtained to provide anatomic
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reference: 26 cm FOV, 256 × 256 matrix, TR=7 msec, TE=min full, flip angle=8°, inversion
recovery prepared: inversion time 900 msec, bandwidth=31.25 kHz, 170 1.2 mm sagittal slices.
Head motion was minimized using foam padding.

Data analysis
Behavioral data—Accuracy and response latency measures from the overt naming task
during fMRI were submitted to group (APOE ε3 vs. ε4) × category (animals, tools, vehicles)
ANOVAs with paired t-tests used for post-hoc pair-wise comparisons.

Neuroimaging data—fMRI data were analyzed and overlaid onto structural images with
the Analysis of Functional Neuroimaging (AFNI) software package from the National
Institutes of Health (Cox 1996). To minimize the effects of head motion, each individual’s
functional time series were corrected for motion by alignment to that base image which
necessitated the least interpolation using a three-dimensional iterated, linearized, weighted
least-squares method with Fourier interpolation. Following automated motion correction, the
time series was examined for uncorrected motion outliers, and time-points with more than 10
times the mean number of outliers within a run were excluded from statistical analysis (via
censor file). Slice timing correction was applied to the four imaging runs for the naming task
and runs were detrended of low frequency signal drifts (Birn et al 2001) and concatenated into
a single time series. Percent signal change from the mean was calculated. The association
between measured BOLD signal and the object naming task was calculated with multiple
regression using the program 3dDeconvolve. The following predictors were included in the
model: a constant, a linear trend, three parameters indicating the degree of motion correction
performed in three rotational angles, and stimulus functions indicating the initiation of the 3400
ms presentation of pictures of animals, tools, and vehicles to model the hemodynamic response
for each category. The 3dDeconvolve command was repeated with a stimulus function
indicating the initiation of the 3400 ms presentation of all pictures to model the hemodynamic
response for object naming collapsed across category for within-group comparisons. For each
voxel, the observed fMRI intensity time-series was modeled as the convolution of the
experimental stimulus vector (comprised of 60 picture stimuli) and the estimated best-fit 11-
lag impulse response using tent functions, allowing the hemodynamic response to return to
baseline. Area under the curve (AUC) of the deconvolved hemodynamic response (HDR) was
the dependent variable for group analyses. AUC was calculated by adding the deconvolved
image intensity at each deconvolved time point of the impulse response. The first image
following stimulus presentation, during which the participant responded overtly, was excluded
to eliminate stimulus-correlated signal artifact (Carter et al 2000) since the vast majority of
responses occurred within the first 1.7 seconds following stimulus presentation. Functional
images were spatially smoothed with a Gaussian kernel of 4 mm full-width at half-maximum.
The T1-weighted anatomic images and the AUC functional activation maps were warped to
the coordinates of the co-planar stereotactic atlas of Talairach & Tournoux (Talairach J.
1988) and resampled at a 4 mm3 resolution.

Region-of-interest (ROI) analysis: Based on previous studies of word retrieval-related brain
response among older adults, group differences were examined in a bilateral fusiform gyrus
(FG) search ROI. We manually outlined each participant’s fusiform gyrus in order to increase
the specificity in this small but important brain region. Left and right fusiform gyrus ROIs were
drawn on each participant’s high-resolution MP-RAGE brain image in coronal view rotated
into alignment with the anterior commissure-posterior commissure (AC-PC) plane. Following
the guidelines of Lee et al. (Lee et al 2002) and Behrmann et al. (Behrmann et al 2007), the
outlining began one slice posterior to the appearance of the mammillary body and continued
posteriorly to a slice midway between the posterior commissure and the posterior end of the
occipital lobe at the AC-PC level. The collateral and occipitotemporal sulci were used to
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determine the medial and lateral fusiform gyrus borders, respectively. In cases in which the
sulci were interrupted or duplicated, the more laterally located sulcus was used as the border.
Interrater reliability was computed for the FG ROI by 2 independent raters (C.W., S.D.) who
were blind to group membership. Ten cases were selected randomly for interrater reliability.
An intraclass correlation coefficient used to compute interrater reliability for the 2 raters was
0.86. A voxel was classified as falling within the fusiform gyrus if it was located in the fusiform
gyrus in 7 out of 11 ε4 adults and 6 out of 11 ε3 adults. These thresholds were used because
the resulting region represented >50% of the participants in each group and resulted in a cluster
of relatively equal volume across groups; the conjunction of these two masks was then
transformed into standard atlas space and used as the final mask. The blurred and standard-
space transformed AUC images for each participant were masked with the resampled 4×4×4
mm bilateral FG ROI (volume = 20,352 mm3). Significant clusters resulting from within-group
t-tests comparing object naming-related activity vs. baseline in both APOE ε3 and APOE ε4
adults separately were retained. Additionally, significant clusters for the main effect of group,
the main effect of category, and the group × category interaction resulting from a random
effects 2 group × 3 category ANOVA were retained. Clusters in the FG ROI were considered
significant if each voxel was significant at p<0.05 (t>2.2, df=10 for within group comparisons,
t>4.4, df=1,20 for main effect of group, t>3.2, df=2,40 for main effect of category and group
× category interaction) and had a volume of at least 448 mm3. This threshold/volume
combination was determined by Monte Carlo simulation (AlphaSim program) to protect ROI-
wise probability of false positives of p<0.05. Effect sizes were calculated according to the
following equation: eta-squared = (t2/(t2+df)) where t = t-value and df = degrees of freedom.

Whole brain analysis: As an exploratory analysis, we examined voxel-wise task-related whole
brain response using within group t-tests and a 2 group × 3 category ANOVA with subjects as
a random factor and AUC of the HDR as the dependent variable. Regions were considered
activated if each voxel was significant at p<0.05 (t>2.2, df=10 for within group comparisons,
t>4.35, df=1,20 for main effect of group, t>3.2, df=2,40 for main effect of category and group
× category interaction) and the cluster had a volume of at least 1536 mm3. This threshold/
volume combination protected a whole-brain probability of false positives of p<0.05.

Given that characteristics of the BOLD signal may differ between individuals due to potential
changes in cerebrovascular dynamics, we also examined the temporal characteristics of the
BOLD HDRs in significant clusters of activation in ε3 and ε4 older adults during word retrieval.
We generated a mask of the significant clusters that showed differences in activity between
groups at previously reported threshold/volume combinations protecting a whole-brain
probability of false positives of p<0.05 and derived the HDR (based on percent signal change
from baseline) for each participant and averaged across voxels. The averaged HDRs for each
subject and cluster were entered into a 2 (group) × 10 (image number) repeated measures
ANOVA to investigate differences in the time course of the HDR in those clusters that showed
a significant difference in activation between ε3 and ε4 older adults. The first image was
excluded from the group × time repeated measures ANOVA to remain consistent with the 2
group × 3 category ANOVAs for AUC that eliminated the first image to reduce motion artifact
from overt speaking.

Correlations with performance—To aid interpretation of observed clusters of activity
during object naming, we calculated the Pearson’s correlation between mean brain response
(e.g., AUC) in clusters of significant activity and naming accuracy or response time.

Anatomical analysis—T1-weighted 3D MP-RAGE image files in DICOM format were
transferred to a Linux workstation for morphometric analysis. Images were reviewed for
quality, and automatically corrected for spatial distortion due to gradient nonlinearity (Jovicich
et al 2006) and B1 field inhomogeneity, and were then rigid body registered to a probabilistic
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brain atlas. Volumetric segmentation (Fischl et al 2002, Fischl et al 2004) and cortical surface
reconstruction (Dale & Sereno 1993, Dale et al 1999, Fischl et al 1999, Fischl et al 2004)
methods based on FreeSurfer software were used. To measure thickness, the cortical surface
was reconstructed (Dale & Sereno 1993, Dale et al 1999) and parcellated into distinct regions
of interest (ROIs) (Buckner et al 2004). ANCOVAs were then conducted to assess group
differences in brain volume or cortical thickness. Volumetric data were corrected for individual
differences by regressing the estimated total intracranial volume (eTIV), age, and gender
(Wierenga et al 2009) and then group comparisons were performed on the resultant
standardized residual z-scores using independent samples t-tests. For group comparisons of
cortical thickness, participant age and gender were included in the model as covariates.

Results
Behavioral results

Performance during the FMRI task is presented in Table 2. In terms of naming accuracy, there
were no significant main effects of group [F(1,20) = 0.76, p = 0.40] or category [F(2,40) =
1.64, p = 0.21], and no interaction between group and category [F(2,40) = 1.02, p = 0.37]. In
addition, there was no significant main effect of group [F(1,20) = 0.42, p = 0.53] and no group
by category interaction effect [F(2,40) = 0.60, p = 0.56] for response time (RT) (correct
responses only). However, RT for correctly identified objects differed significantly between
categories when performance was collapsed across subjects [F(2,40) = 8.73, p = .00].
Participants responded more quickly to tools than vehicles [t = −4.27, p = 0.000] or animals [t
= 3.49, p = 0.002], but responded similarly to vehicles and animals [t = 0.41, p = 0.69]. Since
naming accuracy did not differ for animals, tools, or vehicles collapsed across subjects, level
of naming performance is unlikely to have influenced FMRI comparisons of semantic category.
Although RTs collapsed across participants differed significantly between categories, the
differences were very small (e.g., less than 230 ms) and unlikely to have much bearing on the
FMRI category comparisons.

FMRI results
Fusiform gyrus ROI
Within group analysis: Significant clusters of task-related brain response within the FG ROI
were found in both the ε3 and ε4 adults according to within-group t-tests comparing naming
objects vs. viewing pixelated images (Table 3; Fig. 1). Both the ε3 and ε4 adults activated a
cluster in the right medial FG, with the ε4 adults showing slightly more posterior activity. The
ε4 adults demonstrated two additional clusters of activity in the left posterior lateral and anterior
medial FG during object naming. Mean brain response in these clusters of differential activation
was not significantly related to naming accuracy or response time in either group.

Between group analysis: Results of the group × category ANOVA revealed a main effect of
group in the left anterior medial FG with ε4 adults showing greater brain response than ε3
adults. Analysis of the temporal dynamics of the HDR revealed that the group × image number
interaction was not significant for the left FG [F(9, 180) = 1.55, p = 0.13], although a visual
examination of the response curves reveals strikingly different time courses between groups.
The ε4 adults appear to exhibit a typical quadratic shape while the ε3 adults show predominantly
negative signal change. No correlations were found between naming performance and brain
response in the cluster that showed significant brain response according to the main effect of
group. In contrast to our previous findings (Mickes et al 2007), no main effect of category or
group × category interaction was found in the FG ROI.
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Whole brain analysis
Within-group analysis: Whole brain voxel-wise within-group t-test analysis revealed several
areas of task-related brain response (Table 4). Specifically, ε3 adults showed task-related
activation when naming objects vs. viewing pixelated images in a large region that included
the lateral and medial frontal cortex bilaterally, and in several smaller posterior regions that
included the left perisylvian region, the lingual gyrus and occipital cortex bilaterally, the left
precuneus and superior parietal lobe, and the left and right fusiform gyrus. In addition, they
showed greater activity for viewing pixelated images (i.e., the baseline condition) than for
object naming in regions of the right cingulate gyrus and right superior temporal gyrus. The
ε4 adults showed a widespread task-related brain response that encompassed large regions of
the frontal and temporal cortices bilaterally, and smaller clusters of activity localized to the
right perisylvian cortex, bilateral cuneus, bilateral medial superior parietal cortex, right
fusiform gyrus, right middle frontal gyrus, right culmen and left middle occipital gyrus. Greater
activity for viewing pixelated images than for object naming was observed in the anterior aspect
of the right superior temporal gyrus. In the ε3 group, task-related brain response in the right
precentral gyrus was significantly negatively correlated with naming accuracy (r=−0.69,
p=0.04), task-related brain response in the left precuneus/superior parietal lobe was
significantly negatively correlated with response time (r=−0.77, p=0.02), and baseline-related
brain response in the right cingulate gyrus was significantly positively correlated with naming
accuracy (r=0.74, p=.02). In the ε4 group, task-related brain response in the right medial
superior parietal cortex was significantly negatively correlated with naming accuracy (r=−0.64,
p=0.03).

Between group analysis: Results of the whole-brain voxel-wise group × category ANOVA
revealed a main effect of group in 1) the right fusiform gyrus extending to the inferior, middle
and superior temporal gyri, 2) regions of the right and left anterior cingulate extending to the
rostral cingulate zone, pre-SMA, and SMA, 3) the right inferior frontal gyrus (BA 47), 4) the
right insula extending to the superior temporal gyrus and supramarginal gyrus, 5) the right
middle frontal gyrus, and 6) the left middle temporal gyrus extending to the superior temporal
gyrus and insula (Table 4, Fig. 2). In all of these regions, the ε4 adults showed greater activity
than the ε3 adults. A main effect of category was found in a large cluster extending the length
of the cingulate gyrus (vehicles greater than animals and tools, though small signal change)
and in the right superior temporal gyrus (vehicles greater than animals greater than tools). A
group × category interaction was found in the left superior frontal gyrus extending to the middle
frontal gyrus and anterior cingulate (BAs 10, 24) whereby the ε4 group showed greater brain
response for tools compared to animals and vehicles and the ε3 group showed a negative brain
response with greater response to animals than vehicles and tools. A group × category
interaction effect was also found in the posterior cingulate (BA 31), whereby ε4 adults showed
greater brain response to animals and vehicles compared to tools and ε3 adults showed a
negative brain response with activity greater for vehicles compared to animals and tools. No
correlations were found between naming performance and brain response in clusters that
showed significant activation in main effects of group or category.

Anatomical results
Anatomical image data from two participants (one APOE ε4 and one APOE ε3 adult) did not
pass quality control analysis for inclusion in the group analysis of brain volume. In addition,
anatomical image data from two different participants (both APOE ε4) did not pass quality
control analysis for inclusion in the group comparison of cortical thickness. These participants
were excluded from further anatomical analysis. After controlling for total intracranial volume,
age, and gender, no group differences were found for brain volume in any ROIs. The ε4 and
ε3 groups did not differ in total brain volume, cerebral gray matter, cerebral white matter, white
matter lesions, right hippocampal volume, or left hippocampal volume (Table 1). Furthermore,
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after controlling for age and gender, groups did not differ on measures of cortical thickness in
regions of interest that included the left and right fusiform gyrus, left and right pars orbitalis,
left and right pars opercularis, left and right pars triangularis, left and right caudal anterior
cingulate, and left and right rostral anterior cingulate (Table 1).

Discussion
In light of recent findings that decline in aspects of language (e.g., vocabulary, naming,
category fluency) can be as severe as decline in episodic memory in the years prior to a dementia
diagnosis (Mickes et al 2007), the present study sought to elucidate differences in brain
response to word retrieval and semantic memory in cognitively intact older adults with (APOE
ε4 allele) or without (no ε4 allele) a genetic risk for AD. An object naming task that involved
a semantic manipulation (e.g., required naming living and nonliving items from 3 categories
controlled for visual attributes) was utilized in order to determine whether word retrieval
problems in at-risk adults stem from changes in the neural substrates subserving the ability to
access and retrieve lexical information or from changes in brain regions supporting the
semantic stores themselves. A major finding of the current study is that APOE ε4 adults
exhibited greater object naming-related brain response than APOE ε3 adults in a fusiform gyrus
search region of interest, and in the left inferior temporal lobe (including fusiform gyrus), right
perisylvian region (including the insula, inferior frontal gyrus, superior temporal gyrus and
inferior parietal lobe), and medial prefrontal cortex bilaterally (including anterior cingulate,
rostral cingulate zone, pre-SMA and SMA). This greater brain response in ε4 than in ε3 adults
occurred in the context of equivalent naming accuracy and response time during the fMRI task,
which suggests that differences in brain response are not due to differences in naming
performance. Furthermore, the ε4 and ε3 groups were equated in age, level of education, family
history of AD, sex, and performance on a comprehensive neuropsychological assessment
battery, thereby reducing the likelihood that these factors contributed to group differences in
brain response. The groups also did not differ in brain volume or cortical thickness in any of
the regions that were assessed, suggesting that functional changes were not directly related to
morphological differences between the groups. Finally, within group analyses that compared
task (object naming) to baseline (viewing pixilated images) provided essential confirmation
that activity associated with naming occurred in expected regions (including frontal and inferior
temporal cortices).

While the present findings support our hypothesis that older individuals at risk for AD (i.e.,
with an ε4 allele) would show a compensatory increase (relative to ε3 adults) in activation in
frontal regions during object naming, they do not support our hypothesis of a decrease in
activation in inferior temporal lobe regions due to early AD changes. On the contrary, both
ε3 and ε4 adults showed right medial fusiform gyrus activation during object naming compared
to when viewing pixelated images (with ε4 adults activating both anterior and posterior
aspects), but the ε4 adults showed additional activation in regions of the left medial and lateral
fusiform that were not activated in the ε3 group. Activation in the fusiform gyrus was not
significantly correlated with naming accuracy or response time for either group.

The discrepancy between the current results and previous results that showed neural
specialization for living and nonliving stimuli in the fusiform gyrus (Chao et al 1999, Ishai et
al 1999, Mahon et al 2009) may be due to inclusion of only older adults in the present study,
or to reduced power to detect signal differences due to fewer stimuli or a smaller sample size.
Post-hoc within group whole brain voxel-wise paired t-tests comparing animals and tools
showed a region of the right medial fusiform gyrus and parahippocampal gyrus, extending to
the middle occipital gyrus, that was more responsive to animals than tools in the ε3 group, but
no difference between animals and tools was found for the ε4 group. The lack of the expected
category distinction in the fusiform gyrus for the ε4 adults might reflect changes in neural
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specialization for semantic information, but the inconsistent results for the ε3 group weakens
this argument and indicates that further research is needed to understand the neural substrates
of semantic memory in those at risk for AD.

The expectation of diminished brain response in the fusiform gyrus of the ε4 group rested in
part on the assumption of greater underlying AD pathology in this region. However, recent
work has shown that regions susceptible to early AD pathology are in a particularly dynamic
state of change across the spectrum of declining cognition (Dickerson et al 2005). For example,
older adults in the early stages of MCI showed increased fMRI brain response in the medial
temporal lobes during episodic encoding, whereas those in the later stages of MCI (i.e., nearing
progression to AD) showed decreased brain response in these same brain regions. These
findings suggest that brain regions particularly susceptible to AD pathology may be those most
likely to engage dynamic compensatory mechanisms, and the increased BOLD response
observed in the fusiform regions in the ε4 carriers in the present study is consistent with this
possibility. An interaction of group by category was seen in a left frontal region (including
superior and middle frontal gyri and anterior cingulate) and in the right posterior cingulate,
regions that have previously been implicated in early AD (Reiman et al 1996, Reiman et al
2004). Notably, no interaction of group by category was found in previous comparisons of
young versus older adults (Wierenga et al 2008). If viewed as a continuum, this suggests that
more widespread group × category interactions may be seen in early AD.

The greater signal for object naming collapsed across category exhibited by the ε4 adults in
the left cingulate gyrus and right anterior cingulate (BA 32) is consistent with the increased
frontal activity observed with normal aging. This suggests that ε4 adults may require more
resources than ε3 adults to perform internally generated tasks that place demands on executive
functions involved in accessing and manipulating verbal information. Furthermore, greater
right perisylvian activation that extended to the IFG (BA 47) in ε4 adults is consistent with
Cabeza’s (Cabeza 2002) hemispheric asymmetry reduction in old adults (HAROLD) model.
Such activity in contralateral areas in the right hemisphere has traditionally been thought to
reflect additional neurocognitive effort to maintain an equivalent level of performance. We
previously found that “high” performing older adults showed a positive correlation between
accuracy and BOLD response in both the left and right inferior frontal gyrus (BA 47, 45),
suggesting that the ability to recruit contralateral regions of the inferior frontal gyrus (in the
right hemisphere), including Broca’s area homologue and pars orbitalis, assists in object
naming performance in older adults. Increased activity in BA 47 may reflect the need for more
effortful semantic retrieval in ε4 adults(Hernandez 2009). This finding provides further support
for frontally-mediated compensatory mechanisms in those at risk for AD and generally concurs
with the notion that executive functions may be better preserved than episodic or semantic
memory functions during the prodromal period of AD (Mickes et al 2007).

Given that the majority of fMRI studies of cognition in non-demented APOE ε4 older adults
have investigated episodic memory performance (Bondi et al 2005, Bookheimer et al 2000,
Han et al 2007, Stoub et al 2006), a unique contribution of the current study is the examination
of another cognitive domain—namely language and semantic memory—affected early in the
disease process. Overall, findings of the current study are consistent with previous reports of
increased BOLD response in APOE ε4 older adults. However, there are some general
limitations of the current study. Although we refer to ε4 adults as at-risk for AD, it is unclear
whether their differential brain response (compared to ε3 adults) indicates prodromal AD or is
simply a genetic phenotype. Unfortunately, this limitation plagues all studies of genetic
susceptibility that do not follow their subjects longitudinally to determine who among the
sample ultimately progresses to AD. It could also be argued that our sample, given its older
age, may not represent all ε4 carriers or even those ε4 carriers at risk for AD, but rather those
who managed to avoid cognitive decline (perhaps for other genetic or lifestyle reasons) due to
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incident AD. However, this premise does not bear out unequivocally, as the finding of an effect
of APOE ε4 on age at onset of AD has not been universally replicated—Dal Forno et al. (Dal
Forno et al 1996) and Bennett et al. (Bennett et al 1995) fail to confirm this notion. We argue
that, against the backdrop of completely cognitively normal older adults, the APOE ε4 effect
is isolated even more.

It must also be acknowledged that the ability to discriminate changes in activity that represent
differences in cognitive function from those that represent physiological change due to
possession of the APOE ε4 allele is a challenge for fMRI research, especially since
neurovascular coupling processes may change with age or disease risk (Buckner et al 2000,
D’Esposito et al 2003). We attempted to decrease the possibility of confounding compromised
vascular responses with changes in cognitive processing by excluding individuals with
cerebrovascular disease. Furthermore, groups did not differ on quantitative measures of
cerebrovascular integrity (e.g., white matter hyperintensities) or the temporal characteristics
of the hemodynamic response curve in the activated clusters that were examined. We also
measured resting cerebral blood flow in the majority of the participants studied (data presented
elsewhere), and groups did not differ in average whole brain gray matter cerebral blood flow
(CBF) [t(18) = −1.33, p = 0.20], although there was a trend for the APOE ε4 adults to show
slightly greater CBF (ε4 mean CBF = 57.4 ml/100g/min; ε3 mean CBF = 46.7 ml/100g/min).
In healthy brain function the BOLD signal is negatively correlated with CBF (i.e., increased
CBF corresponds to decreased BOLD) (Cohen et al 2004) and we have previously suggested
that low cerebral perfusion may lead to exaggerated BOLD responses in brain regions affected
by prodromal AD processes (Bangen et al 2009, Restom et al 2007). If found, this relationship
would weaken the argument for neural compensatory processes since it suggests that BOLD
and cerebral perfusion would be confounded. In our sample, however, the finding that ε4 adults
showed both increased CBF (though nonsignificant) and increased BOLD response supports
the neural compensation hypothesis and suggests that group differences in vascular response
likely did not contribute to the BOLD effects. It should be noted, however, that inclusion of
direct measures of vascular responsiveness (e.g., hypercapnia) is needed to adequately assess
changes in the physiological basis of group differences in the BOLD response.

Lastly, the current study examined the BOLD response as it related to individual performance
variables, but few regions showed a correlation between behavioral performance and brain
response. This lack of correlation may be due to a restricted range of scores for the performance
measures that occurred because cognitively impaired individuals were excluded and task
demands were relatively simple. Despite these limitations, there are only a few studies to date
that have investigated language processing in dementia risk and to our knowledge this is the
first study to examine changes in the neural substrates of object naming in older adults with
the APOE ε4 allele. This is an area of study that has been overlooked despite research that
shows that anomia and semantic impairments are some of the earliest signs of AD. (Chertkow
& Bub 1990, Jacobs et al 1995).

In summary, the more widespread--predominantly frontal--increased brain response during
object naming in ε4 older adults than in ε3 older adults appears more similar to the brain
response seen in aging than in AD. However, more widespread activation in posterior regions
in ε4 than in ε3 adults, as well as group differences in response to categories in regions involved
in AD (e.g., anterior and posterior cingulate), may be indicative of early semantic involvement
that could reflect prodromal AD. Further research is needed to elucidate the specific
posteriorly-mediated semantic processes involved in word retrieval difficulties in at-risk older
adults.
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Figure 1.
Brain response to object naming vs. viewing pixelated images in the fusiform gyrus ROI.
Thresholded and clustered results (protecting an ROI-wise p≤0.05) for a single-sample t-test
are presented in the top panel for the APOE ε3 participants and the middle panel for the APOE
ε4 participants. Warm colors represent areas more active during object naming than passive
viewing (red: p≤0.05, orange: p≤0.01, yellow: p≤0.005). The bottom panel shows the results
of the group main effect of the 2 × 3 repeated measures ANOVA with the corresponding
hemodynamic response function for each group. Red: p≤0.05. Asterisks indicate images
numbers at which signal intensity differed significantly (p <0.05) between groups. Results are
overlaid onto coronal slices of a high-resolution anatomical image (R: right, P: posterior).
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Figure 2.
Whole brain response to object naming vs. passive viewing overlaid onto sagittal slices of a
high-resolution anatomical image. Thresholded and clustered results (protecting an ROI-wise
p≤0.05; red: p ≤0.05, orange: p ≤0.01, yellow: p≤0.005) for the 2 group × 3 category repeated
measures ANOVA are presented in the top panel for the main effect of group (with
corresponding hemodynamic response functions for each group), the lower left panel for the
main effect of category (with corresponding hemodynamic response functions for each
category), and the lower right panel for the interaction of group × category with a graphical
representation of the AUC for each category per group (R: right, L: left).
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