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Abstract

Word retrieval deficits are common in Alzheimer’s disease (AD) and are thought to reflect a
degradation of semantic memory. Yet, the nature of semantic deterioration in AD and the
underlying neural correlates of these semantic memory changes remain largely unknown. We
examined the semantic memory impairment in AD by investigating the neural correlates of
category knowledge (e.g., living vs. nonliving) and featural processing (global vs. local visual
information). During event-related fMRI, 10 adults diagnosed with mild AD and 22 cognitively
normal older adults named aloud items from three categories for which processing of specific
visual features has previously been dissociated from categorical features. Results showed
widespread group differences in the categorical representation of semantic knowledge in several
language-related brain areas. For example, the right inferior frontal gyrus showed selective brain
response for nonliving items in the CN group but living items in the AD group. Additionally, the
AD group showed increased brain response for word retrieval irrespective of category in Broca’s
homologue in the right hemisphere and rostral cingulate cortex bilaterally, which suggests greater
recruitment of frontally-mediated neural compensatory mechanisms in the face of semantic
alteration.
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Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder characterized by
neuronal atrophy, synapse loss, and the abnormal accumulation of neuritic plaques and
neurofibrillary tangles. In the usual case, AD neuropathology initially involves medial
temporal lobe structures (e.g., hippocampus, entorhinal cortex) and then extends to
temporal, parietal, and frontal lobe association cortices as the disease progresses (Braak &
Braak, 1991; Brewer & Moghekar, 2002). These neuropathological changes cause
significant cognitive and behavioral disturbances that characterize the global AD dementia
syndrome (Salmon & Bondi, 2009). Although the most prominent feature of this dementia
syndrome is a profound amnesia (e.g., episodic memory loss), language dysfunction in the
form of word finding difficulties is also an early and ubiquitous aspect of the disease
(Salmon, Butters, & Chan, 1999). In fact, some studies suggest that word-finding ability and
other manifestations of semantic knowledge deteriorate as much as episodic memory and
more than executive function during the prodromal phase of AD (Mickes et al., 2007).

The language dysfunction associated with AD is evident on tests of confrontation naming,
verbal fluency, and semantic categorization (Bayles, Tomoeda, & Trosset, 1990; Chan,
Salmon, Nordin, Murphy, & Razani, 1998; Hodges & Patterson, 1995; Monsch et al., 1992;
Nebes, 1989; Salmon, Heindel, & Lange, 1999). Considerable evidence suggests that
patients’ performance on these tests is indicative of a deterioration of semantic knowledge
rather than simply an impaired ability to retrieve lexical information from intact semantic
stores (Astell & Harley, 1996; Barbarotto, Capitani, Jori, Laiacona, & Molinari, 1998;
Bayles, Tomoeda, & Cruz, 1999; Nakamura, Nakanishi, Hamanaka, Nakaaki, & Yoshida,
2000; Paganelli, Vigliocco, Vinson, Siri, & Cappa, 2003). Consistent with a degradation of
semantic knowledge, AD patients tend to make highly consistent errors for the same concept
(e.g., miss the same items) across test modalities and methods of access (Chertkow & Bub,
1990; Hodges, Salmon, & Butters, 1992; Norton, Bondi, Salmon, & Goodglass, 1997;
Salmon, Butters et al., 1999), they are more impaired (relative to healthy control subjects)
on semantically-demanding category fluency tasks than on letter fluency tasks (Butters,
Granholm, Salmon, Grant, & Wolfe, 1987; Monsch et al., 1992), and they make an
abnormally high proportion of semantically-related errors on confrontation naming tests
with a propensity to generate the more general superordinate category name (e.g., “an
animal”) rather than the specific item name (e.g., “a camel”) (Barbarotto et al., 1998;
Hodges, Salmon, & Butters, 1991). These results do not, however, preclude the possibility
that AD also impairs the ability to access lexical representations from the semantic store
(e.g., Nebes, Martin, & Horn, 1984). Indeed, patients with AD exhibit semantic priming
effects under some conditions (Nebes & Brady, 1990) and their semantic memory deficits
are more salient when retrieval is difficult (Hodges et al., 1992). Furthermore, AD patients
are particularly impaired in producing low-frequency picture names which is consistent with
a post-semantic processing deficit since frequency effects are thought to arise during
phonological retrieval (Gollan, Salmon, & Paxton, 2006). Thus, the semantic memory
impairment exhibited by patients with AD may reflect both a degradation of semantic
knowledge and inefficient retrieval.

Although the observation of semantic memory deterioration in AD is well established, its
nature is actively debated. A major point of debate is whether the semantic memory deficit
in AD reflects loss of specific knowledge of particular concepts, or loss of distributed
knowledge of features and attributes (e.g., physical features, function) (Alathari, Trinh Ngo,
& Dopkins, 2004; Done & Hajilou, 2005; Harley & Grant, 2004). Support for the claim that
specific concepts are lost comes from category-specific effects such as findings that some
AD patients perform worse on language tasks that require knowledge of living things versus
those that require knowledge of nonliving things (Chan, Salmon, & De La Pena, 2001,
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Chertkow & Bub, 1990; Garrard, Patterson, Watson, & Hodges, 1998; Silveri, Daniele,
Giustolisi, & Gainotti, 1991; Zannino, Perri, Carlesimo, Pasqualetti, & Caltagirone, 2002),
whereas other AD patients show the opposite pattern of category-specific deficits, with
worse performance on artifacts compared to biological items (Gonnerman et al., 1997).
However, the results of several studies, including a recent meta-analysis (Laws, Adlington,
Gale, Moreno-Martinez, & Sartori, 2007), suggest that category-specific deficits in AD may
be artifactual and actually reflect differences in the degree of featural information (e.g., size,
function) needed to identify exemplars in various categories. Evidence of decline in featural
knowledge in AD comes from reports that patients show selective difficulties in identifying
specific features or properties of objects (Chan, Butters, Salmon, & McGuire, 1993;
Sacchett & Humphreys, 1992) and are less consistent than nondemented elderly in their use
of features when classifying exemplars into categories (e.g., predation, domesticity, and size
for the category “animals”) (Chan, Butters, & Salmon, 1997).

The resolution of this debate is complicated by the ongoing controversy regarding the
organization of semantic knowledge in the healthy brain. Briefly, theoretical accounts of
category-specific effects differ primarily as to whether they view semantic knowledge as 1)
modularly represented in a unitary semantic system (Caramazza & Shelton, 1998; Rogers et
al., 2004) or 2) distributed across many attribute-specific subsystems (e.g., visual,
sensorimotor, functional) that differ in degree of categorical organization (Coltheart, Inglis,
Cupples, Michie, & Budd, 1998; Devlin, Gonnerman, Andersen, & Seidenberg, 1998;
Humphreys & Forde, 2001; Moss & Tyler, 2000; Sartori & Lombardi, 2004; Stewart,
Parkin, & Hunkin, 1992; Zannino, Perri, Pasqualetti, Caltagirone, & Carlesimo, 2006).
While these parallel distributed processing (PDP) models may disagree on whether or not
there is a unitary semantic system, they tend to agree that concepts emerge from patterns of
activation across sets of distributed features (Aronoff et al., 2006; McRae, de Sa, &
Seidenberg, 1997; Shallice, 1988). According to one seminal PDP neural network model of
semantic processing put forth by Rogers and colleagues, semantic knowledge arises from the
interactive activation of modality-specific representations of objects that are distributed
throughout the cortex and converge in a cross-modal ‘hub’. These units are thought to
receive input directly from the environment and represent anatomically distinct regions of
cortex that subserve a particular function (e.g., visual information) (Lambon Ralph, Lowe, &
Rogers, 2007; Rogers et al., 2004). Because concepts within a given category may have
more overlapping features than concepts from another category, damage affecting feature
knowledge may result in apparent category-specific deficits. In other words, since living
things rely more heavily on perceptual features and nonliving things rely more heavily on
functional features (Farah & McClelland, 1991; Warrington & McCarthy, 1987), according
to computational models, differential category-specific impairments for either living or
nonliving items may emerge from widespread damage to distributed features (as in AD) if
the features are intercorrelated (e.g., activated simultaneously for many items within a
category) or distinguishing (e.g., occurs almost exclusively for one item within a category to
differentiate it from related ones) (Gonnerman et al., 1997).

Regardless of whether category-specific deficits are caused by damage to conceptual
representations in specialized brain regions or damage to distributed representations within
nonspecialized brain areas (Aronoff et al., 2006; Zahn et al., 2006), they appear to emerge
from localized changes in neural function that can be detected using fMRI (Thompson-
Schill, 2003). Many functional neuroimaging studies in healthy adults suggest that there are
localizable regions specialized for processing category and feature knowledge. The fusiform
gyrus, for example, is a focal point for the convergence and integration of visual semantic
information, and evidence indicates a reliable difference along its medial/lateral dimension
for the categorical distinction between nonliving and living things (Chao, Haxby, & Martin,
1999; Ishai, Ungerleider, Martin, Schouten, & Haxby, 1999; Weisberg, van Turennout, &
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Martin, 2007; Whatmough, Chertkow, Murtha, & Hanratty, 2002; Wierenga et al., 2009).
Furthermore, we recently reported a dissociation between category (living vs. nonliving) and
attribute (global vs. local form) knowledge in the fusiform gyrus of healthy younger and
older adults (Wierenga et al., 2009).

A number of additional studies using fMRI in healthy adults have shown localized function
related to various aspects of processing semantic knowledge. For example, studies indicate
that the lateral frontal cortex of the language dominant hemisphere (i.e., Broca’s area, cortex
along the inferior frontal sulcus, and the possibly pars orbitalis) is involved in selection,
retrieval and execution of lexical-semantic responses (Barch, Braver, Sabb, & Noll, 2000;
Crosson et al., 1999; Damasio & Anderson, 1993; Gabrieli, Poldrack, & Desmond, 1998;
MacDonald, Cohen, Stenger, & Carter, 2000; Thompson-Schill, D'Esposito, Aguirre, &
Farah, 1997; Wagner, Pare-Blagoev, Clark, & Poldrack, 2001). Medial frontal lobe cortical
regions, especially those at the border of pre-supplementary motor area (SMA) and the
rostral cingulate zone, are involved in initiation of language, cognitive control, and
monitoring conflict between competing responses (Barch et al., 2000; Carter et al., 2000;
Crosson et al., 1999; Damasio & Anderson, 1993). The results of these studies suggest that
the left prefrontal cortex as well as bilateral ventral temporal cortex may be involved in a
“general-purpose” semantic system for the respective retrieval or storage of semantic
knowledge (Thompson-Schill, 2003).

Relatively few studies have examined the effects of AD on the neural substrates of semantic
memory. Zahn et al. (2006) reported that left posterior fusiform gyrus hypometabolism was
correlated with impaired knowledge of visual properties of living objects in patients with
AD, whereas hypometabolism in the left anterior temporal region was correlated with
impaired knowledge of visual and functional properties of nonliving objects. We found that
adults genetically at risk for AD by virtue of the APOE ¢4 allele exhibited a greater object
naming-related brain response in the left inferior temporal lobe (including fusiform gyrus),
right perisylvian region (i.e., insula, inferior frontal gyrus, superior temporal gyrus, inferior
parietal lobe), and medial prefrontal cortex (i.e., anterior cingulate, rostral cingulate zone,
pre-SMA, SMA) than those with only the APOE &3 allele (perhaps reflecting a
compensatory response); however, category-specific effects that differed by group were
restricted to left frontal (e.g, superior and middle frontal gyri, anterior cingulate) and right
posterior cingulate regions (Wierenga et al., 2010). Other functional neuroimaging studies in
patients with AD have reported increased diffuse cortical activity in the lateral temporal lobe
during a category judgment task (Grossman et al., 2003), and in the left inferior frontal
gyrus and the right prefrontal cortex during semantic decision-making (Saykin et al., 1999).

In light of these previous findings, the aim of the current study was to investigate the effects
of AD on the neural correlates of semantic knowledge measured by an object naming task
that allowed evaluation of categorical (living vs. non-living) and featural (global form vs
local detail) knowledge effects. This task contrasted naming animals, vehicles, and tools
because the categories represent living and non-living objects and previous research showed
that they differ in the amount of global or local features needed for identification of
exemplars (animals most global, tools most local, and vehicles intermediate). We predicted
that 1) AD patients and normal control subjects would differ in the pattern of functional
BOLD responses they produced to category distinctions in language-related regions of
interest such as the inferior frontal gyrus, medial prefrontal cortex, and fusiform gyrus, and
2) AD patients would exhibit a compensatory increase (relative to normal controls) in
functional BOLD response in frontal cortices during word retrieval in the object naming
tasks. We have previously shown that processing of specific visual features (global form vs.
local detail) is dissociable from processing of semantic category (Wierenga et al., 2009).
Thus, we anticipated that AD patients’ ability to make such fine-grained distinctions in
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semantic processing would be informative regarding the nature of semantic memory
impairment in AD. For instance, if semantic impairments occur for category knowledge,
then we would expect an altered distinction between living and nonliving items in AD. In
contrast, if changes in processing visual attributes contribute to semantic impairments, then
we would expect decreased lateralization for processing global and local visual attributes in
AD.

Eleven adults diagnosed with probable AD and 24 neurologically and cognitively normal
(CN) elderly adults enrolled in a longitudinal study of healthy aging participated. CN
participants were recruited through newspaper advertisements and community lectures (i.e.,
no clinic-based or medical referral sources). All CN participants were considered normal
based on extensive medical, neurologic, laboratory, and neuropsychologic evaluations. AD
participants were selected for this study from a larger cohort of research volunteers at the
UCSD Alzheimer’s Disease Research Center (ADRC). AD patients received a diagnosis of
probable AD by two senior staff neurologists according to the criteria developed by the
National Institute of Neurological and Communicative Disorders and Stroke (NINCDS) and
the Alzheimer’s Disease and Related Disorders Association. All participants were native
English speakers and were strongly right-handed (Oldfield, 1971). Potential participants
were excluded if they had causes of dementia other than AD (e.g., stroke, hypothyroidism,
vitamin B12 deficiency, electrolyte imbalance), a history of severe head injury, uncontrolled
hypertension, the apolipoprotein E (APOE) €2 isoform, or a Diagnostic and Statistical
Manual of Mental Disorders-Fourth Edition Axis 1 diagnosis of learning disability, attention
deficit disorder, or substance abuse. Persons with significant cerebrovascular disease were
excluded. In addition, participants were excluded if they had metal in their body other than
dental fillings, 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) (Yesavage et al., 1983). Of the 35 adults scanned, two CN individuals and one
AD adult 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). Data from the CN group were previously reported in a comparison
of APOE ¢4 vs. APOE &3 isoforms (Wierenga et al., 2010). Of the participants who
completed the neuroimaging procedure, no CN participants were taking cognitive enhancing
medications at the time of scanning or neuropsychological testing. However, 6 of the 10 AD
participants were taking Aricept, Namenda, and/or Razadyne (dosages ranged from 5-20
mg/day) at the time of the study.

As shown in Table 1, the AD group and the CN group did not differ significantly in age,
level of education, sex distribution, APOE genotype, or family history of Alzheimer’s
disease (defined as having at least one first degree relative with AD). As expected, on formal
neuropsychological testing, the AD group performed significantly worse than the CN group
on a test of global cognitive functioning, the Mattis Dementia Rating Scale-11 (DRS)(Mattis,
1988), and on tests of confrontation naming, verbal fluency, aspects of executive function,
and memory (i.e., the Wechsler Memory Scale-Revised (WMS-R)(Wechsler, 1997) and the
California Verbal Learning Test (CVLT)(Delis, Kramer, Kaplan, & Ober, 2000). The AD
group had significantly less total brain volume, gray matter volume, and right and left
hippocampal volumes than the CN group, but the groups did not differ on volume of white
matter or white matter hyperintensities. The AD group also had decreased cortical thickness
in the right fusiform gyrus, right pars triangularis, right pars opercularis, and left and right
posterior cingulate compared to the CN group (see Table 1).

Neuropsychologia. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wierenga et al.

Page 6

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 and/or their caregivers according to
guidelines established by the Declaration of Helsinki.

Experimental Desigh and Procedure

FMRI naming task—~Participants alternated between an overt event-related picture
naming task and a passive viewing task during four functional imaging runs (Wierenga et
al., 2009; Wierenga et al., 2010). During the picture 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 a previous study in nondemented younger and older
adults that assessed the amount of high spatial frequency content needed for object
identification and showed that adults rely primarily on global form for identifying animals,
local details for identifying tools, and both for identifying vehicles (Wierenga et al., 2009).
This study also showed that processing specific visual features (global form vs. local detail)
could be dissociated from processing semantic category for these three categories (animals,
tools, and vehicles): living vs. nonliving category membership drove a respective lateral vs.
medial fusiform distinction in processing whereas global form vs. local detail drove a
respective right vs. left fusiform distinction in processing.

Photographs were equated for size and resolution. Stimuli in each category did not differ
according to frequency of occurrence in English [F(2, 55) = .18, p = .84] or familiarity
[F(2,55) = 1.48, p = .24] (CELEX; (Baayen, Piepenbrock, & Run, 1993). Although
normative data on name agreement do not exist for these stimuli, the number of acceptable
responses for each item was similar across categories [F(2,58) = 0, p = 1]. Mean accuracy
rates for animals (89.1% correct, SD = 8.3), tools (92.1% correct, SD = 6.5), and vehicles
(91.3% correct, SD = 6.6) did not differ across younger and older participants [F (2,76) =
2.74, p =.071] in a previous study (Wierenga et al., 2009); however, participants responded
more quickly to tools than vehicles [t (38) = 3.49, p = .001] or animals [t (38) =5.07,p <.
001] and responded more quickly to vehicles than animals [t (38) = 2.86, p = .007].

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
that were derived by pixelating photographs from the naming task using Adobe PhotoShop
7.0. This process served to randomize the pixels in clusters of a predetermined size while
maintaining image luminance. The interstimulus interval equaled a variable intertrial
interval plus 3400 ms for 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 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
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responses were scored off-line for accuracy and reaction time. A training phase that used a
different set of photographs preceded the experimental phase.

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 x 64 matrix, 3.75 mm x 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 x 64
matrix, 3.75 mm x 3.75 mm in-plane resolution, TR=1,000 msec, TE=minimum full (1%
field map) or 5.5 (2" 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 reference: 26 cm FOV, 256 x 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 (AD vs. CN) x category (animals, tools, vehicles)
ANOVAs with paired t-tests used for post-hoc pair-wise comparisons (Bonferrroni-
corrected for multiple 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). For each participant, T1-weighted anatomical data and EPI
BOLD data were spatially coregistered utilizing the AFNI program 3dAllineate with the
local Pearson correlation cost function (Saad et al., 2009). The goodness of the alignment
was then assessed visually and manually edited as necessary. 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
(Seidenberg et al., 2009). 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, Saad, & Bandettini, 2001) and
concatenated into a single time series. Standard signal normalization procedures were
performed on each individual voxel to have a timecourse mean of 100 and 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
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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. & Tournoux, 1988) and resampled at a 4 mm? resolution.

Region-of-interest (ROI) analysis: Based on previous studies showing the importance of
the fusiform gyrus in resolving visual semantic information (Chao et al., 1999; Ishai et al.,
1999; Weisberg et al., 2007; Wierenga et al., 2009), group differences were examined in a
bilateral fusiform gyrus (FG) 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. (2002) and 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 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 for the FG ROI. A voxel was classified as falling within
the fusiform gyrus if it was located in the fusiform gyrus in 6 out of 10 AD patients and 12
out of 22 CN 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 4x4x4 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 AD and CN adults were retained. Additionally,
significant clusters for the main effect of group, the main effect of category, and the group x
category interaction resulting from a random effects 2 group x 3 category ANOVA were
retained. Clusters in the FG ROI were considered significant if each voxel was significant at
p<0.05 (AD: t>2.3, df=9, CN: t>2.1, df=21 for within group comparisons; t>4.2, df=1,30 for
main effect of group, t>3.2, df=2,60 for main effect of category and group x 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 = (t%/(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 x 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 (AD: t>2.3, df=9, CN: t>2.1,
df=21 for within group comparisons; t>4.2, df=1,30 for main effect of group, t>3.2, df=2,60
for main effect of category and group X 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.
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Given that characteristics of the BOLD signal may differ between individuals due to
potential changes in cerebrovascular dynamics, we examined the temporal characteristics of
the BOLD HDRs in AD and CN 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) x 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 groups or categories. The first image was
excluded from the group x time repeated measures ANOVA to remain consistent with the
independent samples t-test and 2 group x 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 naming accuracy or
response time and mean brain response (e.g., AUC) in clusters of significant activity.

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 brain atlas. Volumetric segmentation (Fischl et al., 2002; Fischl et al., 2004)
and cortical surface reconstruction (A. Dale & Sereno, 1993; A. M. Dale, Fischl, & Sereno,
1999; Fischl, Sereno, & Dale, 1999; Fischl et al., 2004) methods based on FreeSurfer
software were used. To measure thickness, the cortical surface was reconstructed (A. Dale &
Sereno, 1993; A. M. Dale et al., 1999) and parcellated into distinct ROIs (Desikan et al.,
2006; Fischl et al., 2004). These tools have been well-validated for use in aging and
dementia research and have been shown to successfully segment and normalize atrophic
brains without loss of anatomical specificity (Desikan et al., 2009; Desikan et al., 2010;
Dickerson, Bakkour et al., 2009; Dickerson, Feczko et al., 2009; Gold et al., 2005).
ANCOVAs were then conducted to assess group differences in brain volume or cortical
thickness. VVolumetric data were corrected for individual differences by regressing the
estimated total intracranial volume (eTIV), age, and gender (Buckner et al., 2004) and then
group comparisons were performed on the resultant standardized residual z-scores using
independent samples t-tests. Participant age and gender were included in the model as
covariates for group comparisons of cortical thickness.

Manual outlining of hippocampal ROIs was completed by experienced operators (A.J.,
D.N.) blind to participant identity and group using AFNI software. High levels of intra- and
inter-rater reliability for the procedure were established on a separate set of images not
among those studied presently (intraclass correlation coefficients >.90). Hippocampal ROIs
were delineated using a stereotactic approach using methods published previously (Jak,
Houston, Nagel, Corey-Bloom, & Bondi, 2007). Briefly, the anterior boundary of the
hippocampus was traced on the coronal slice through the fullest portion of the mammillary
bodies, and the posterior boundary was traced on the last coronal slice on which the superior
colliculi could be fully visualized. Whole-brain volume was used in normalizing
hippocampal volumes (Bigler & Tate, 2001).
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Results

Behavioral results

Naming performance during the fMRI task is presented in Table 2. There was a significant
interaction between group and category for naming accuracy [F(2,56) = 16.23, p = .004]. CN
adults and AD patients had similar naming accuracy rates for animals [t(28) = 1.33, p =
0.194], but AD patients had poorer accuracy than CN adults for tools [t(28) = 4.49, p=.000]
and vehicles [t(28) = 2.39, p = .024]. Overall, there was a main effect of group [F(1,28) =
11.28, p =.002], with AD patients worse than CN adults collapsed across category, but no
main effect of category [F(2,56) = 2.86, p = .066]. There was no significant interaction
between group and category for naming response time (RT) [F(2,56) = 1.36, p = .265].
However, the main effect of group was significant [F(1,28) = 8.65, p = .006] with AD
patients having longer RT than CN adults. Response times for correctly identified objects
differed significantly between categories when performance was collapsed across subjects
[F(2,56) = 9.60, p =.000]. As in a previous study (Wierenga et al., 2010), participants
responded more quickly to tools than vehicles [t = —5.16, p = .000] or animals [t = 3.45, p
=.002], but responded similarly to vehicles and animals [t = —.55, p = .585]. Although RT
differences were not small (e.g., up to 430 ms), given the poor temporal resolution of fMRI
(e.g., one image acquired every 1700 ms) this difference in RT is unlikely to have much
bearing on the fMRI category comparisons. Implications of differences in performance on
fMRI comparisons are discussed later. No outliers were identified for these comparisons, so
all subjects and items were included in these analyses.

FMRI results

Fusiform gyrus ROI—Within-group t-tests comparing naming objects vs. viewing
pixelated images showed significant clusters of naming-related brain response within the FG
ROI in both the CN adults and AD patients (Table 3; Figure 1). The two groups exhibited
comparably-sized clusters of activity that encompassed the medial and lateral aspects of the
FG with peak intensity located in the same posterior slice. However, the CN group activated
the left FG and the AD group activated the right FG. Mean brain response in the left FG (r=
—0.45, p=.05) was significantly negatively related to naming accuracy in the CN group. No
main effects of group or category, or a group X category interaction, were found for degree
of activation in the FG ROI. Subjective analysis of the temporal dynamics of the HDR
revealed that the CN group had a tightly coupled response for each of the three semantic
categories, with greater peak amplitude for animals and vehicles than for tools. The AD
group showed greater variability in HDR across categories with greater peak amplitude for
vehicles than tools, and greater peak amplitude for tools than animals.

Whole brain analysis

Within-group analysis: Whole brain voxel-wise within-group t-test analysis revealed
multiple areas of task-related brain response in both groups (Table 4). Specifically, CN
adults showed task-related activation when naming objects compared to viewing pixelated
images in a large region that included the lateral and medial frontal cortex bilaterally
extending to the left and right inferior temporal cortex, and in several smaller posterior
regions that included the right precentral gyrus, superior and middle temporal gyri, the left
inferior parietal lobe, the right middle and inferior occipital gyrus extending to the lingual
gyrus, the right postcentral gyrus and precuneus, the right posterior middle temporal gyrus
and angular gyrus, the left postcentral gyrus, and the right cerebellum. In contrast, they
showed greater activity for viewing pixelated images vs. object naming in regions of the
right temporal pole and anterior superior temporal gyrus, the right caudate, and the right and
left cingulate gyrus. The AD patients showed a widespread task-related brain response when
naming objects vs. viewing pixelated images that encompassed large regions of the left
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frontal and temporal cortex extending to the right medial frontal cortex and thalamus
bilaterally, and smaller clusters of activity localized to the right perisylvian cortex, right
cuneus, right superior temporal gyrus, right culmen and left lingual gyrus, right precentral
gyrus, and right middle temporal gyrus extending to the angular and supramarginal gyri. No
clusters of activity for viewing pixelated images vs. naming objects were observed within
the AD group.

Between group analysis: Results of the whole-brain voxel-wise group x category ANOVA
revealed main effects of group in 1) the anterior cingulate (BA 32, 24) bilaterally, 2) the
right inferior frontal gyrus involving pars triangularis, pars orbitalis, pars opercularis, and
the insula, and 3) the right middle frontal gyrus (BA 10, 9) (Table 4). The AD patients
showed greater activity than the CN adults in the anterior cingulate and right inferior frontal
gyrus, whereas the CN group showed greater activity than the AD group in the right middle
frontal gyrus. Analysis of the temporal dynamics of the HDR revealed that the group x
image number interaction was not significant for the anterior cingulate gyrus (C1) [F(9, 270)
= 1.05, p = .40] or the right inferior frontal gyrus (C2) [F(9, 270) = 1.44, p = .17] clusters,
but was significant for the right middle frontal gyrus (C3) [F(9, 270) = 2.00, p = .04] cluster.
In the CN group, task-related brain response in the right inferior frontal gyrus (C2) was
significantly negatively correlated with naming accuracy (r=—0.45, p=.05).

A main effect of category was found in a large cluster extending the length of the cingulate
gyrus (C1) (vehicles greater than animals and animals greater than tools), in the right
superior temporal gyrus extending to the insula (C2) (vehicles greater than animals and
tools), the right rostral cingulate zone (C3) (animals and vehicles greater than tools), and the
left inferior frontal gyrus involving pars triangularis (C4) (animals greater than tools and
vehicles). Analysis of the temporal dynamics of the HDR revealed that the category x image
number interaction was significant for the anterior cingulate (C1) [F(18, 837) = 1.64,p =.
04] (the HDR for vehicles showed a delayed return to baseline). The category x image
number interaction was not significant for the other three active clusters [right superior
temporal gyrus (C2): F(18, 837) = 1.11, p = .34; right rostral cingulate zone (C3): F(18, 837)
=0.72, p =.79; and left inferior frontal gyrus (C4) F(18, 837) = 1.47, p =.09].

A group x category interaction was found in several regions, including: 1) the right superior
temporal gyrus, 2) left pre-supplementary motor area (pre-SMA), 3) right inferior frontal
gyrus and insula, 4) left lateral inferior parietal lobe, 5) left medial inferior parietal lobe, 6)
right middle frontal gyrus, 7) right inferior parietal lobe, and 8) left anterior cingulate. In the
largest cluster (e.g., the right superior temporal gyrus), the CN group showed little
categorical differentiation in HDR, whereas the AD group showed preferential response for
animals. In the left pre-SMA (C2), both groups showed increased brain response to animals
and tools (AD adults to a greater degree), but the CN adults showed greatest response to
vehicles whereas the AD adults showed a negative response to vehicles. In the right inferior
frontal gyrus (C3), the CN group showed a graded brain response for vehicles greater than
tools and tools greater than animals. The left inferior parietal lobe (C4) showed selective
brain response for tools in the CN group. In contrast, the AD group showed a weak selective
brain response for animals in both these regions. Analysis of the temporal dynamics of the
HDR revealed that the category x image number interaction effect was significant only for
the cluster in the left inferior parietal lobe (C4) and restricted to the AD group [F(18, 243) =
2.42, p =.000]. The HDR for vehicles showed greater fluctuation in amplitude over the time
domain than did other categories. No correlations were found between naming performance
and brain response in clusters that showed significant activation in category main effects or
group x category interaction effects.

Neuropsychologia. Author manuscript; available in PMC 2012 February 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wierenga et al.

Page 12

Anatomical results

Anatomical image data from one CN participant did not pass quality control evaluation for
brain volume analyses, and anatomical image data from one AD participant did not pass
quality control evaluation for cortical thickness analyses. These participants were excluded
from further anatomical analysis. After controlling for total intracranial volume, age, and
gender, group differences were found for total brain volume, cerebral gray matter volume,
and left and right hippocampal volumes (AD less than CN for all regions). The CN and AD
groups did not differ in volume of cerebral white matter or white matter lesions (Table 1).
After controlling for age and gender, the AD group had reduced cortical thickness in regions
of interest that included the right fusiform gyrus, right pars triangularis, right pars
opercularis and left and right posterior cingulate (Table 1).

Since the AD group had significantly lower whole brain volume than the CN group, the 2
group x 3 category repeated measures ANOVA was conducted on a subset of the
participants with similar total brain volume (AD n=7, CN n=14). Whole brain results on this
subset of participants were relatively consistent with the results including the entire sample,
suggesting that differences in brain volume did not largely contribute to differences in
functional brain response between groups (see Table 4). Specifically, previously observed
group by category interaction effects survived statistical threshold procedures in all clusters
except the right middle frontal gyrus (C6). Only the large cingulate cluster survived
statistical threshold procedures for the main effect of category, and none of the original
clusters survived statistical threshold procedures for the main effect of group.

Discussion

Our results indicate that the neural correlates of semantic knowledge related to object
naming are altered in AD. Patients with AD demonstrated increased response in a few
language-related frontal brain regions during picture naming (collapsed across semantic
categories) compared to healthy control participants. In addition, group by category
interaction effects on brain activity were observed in language areas that included the right
inferior frontal gyrus extending to the anterior insular cortex (e.g., CN showed a graded
response of vehicles > tools > animals that AD did not), the right superior temporal gyrus
(e.g., CN showed equal activation across categories while AD showed greater response to
animals than to tools or vehicles), the pre-supplementary motor area bilaterally (e.g., CN
showed response to all categories while AD showed response to animals and tools but a
negative response to vehicles), left and right supramarginal gyrus, the left inferior parietal
lobe (e.g., CN showed a selective response to tools but AD showed a weak selective
response to animals), and the middle frontal gyrus. When considered with previous work
showing no group by category interaction effects on brain activation in older and younger
adults, and such effects in only two brain areas in those elderly at genetic risk for AD
(Wierenga et al., 2010), the present results suggest a continuum of semantic impairment
across the spectrum of dementia risk that culminates in widespread changes in AD.

Another aim of the present study was to examine whether the semantic memory impairment
in AD differentially involves the neural correlates of category or feature processing. To
address this question we compared brain responses across three categories (animals, tools,
and vehicles) for which processing of specific visual features (global form vs. local detail)
could be dissociated from processing of semantic category (e.g., living vs. nonliving). In
regions showing a group x category interaction effect, CN individuals tended to show tightly
coupled HDRs with expectedly graded selectivity for category, while patients with AD
showed atypical or exaggerated categorical distinctions in their HDRs. It should be noted,
however, that a consistent pattern of response corresponding to living vs. nonliving
categories or global vs. local attributes was not clearly evident. For example, the brain
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response of AD patients in the right superior temporal gyrus was selective for animals, but
in the left pre-supplementary motor area their brain response for animals and tools was
similar with a largely negative response for vehicles. Both the AD and CN groups exhibited
a categorical differentiation in HDR in the right inferior frontal region of interest, but in the
opposite direction: AD patients showed greater brain response for animals than for tools or
vehicles, while CN individuals showed greater brain response for vehicles than for tools, and
greater for tools than for animals. Group differences in the fusiform gyrus did not survive
statistical thresholding. However, the AD group showed a cluster of brain activity in the
right fusiform gyrus for naming vs. baseline that had greater amplitude for vehicles than for
tools, and for tools than for animals. In contrast, the CN group showed brain activity in the
left fusiform gyrus for naming vs. baseline with activity for animals and vehicles having
slightly greater amplitude than for tools.

The inconsistent pattern of categorical differentiation in the brain activity of patients with
AD during the object naming task does not provide evidence for preferential damage to
either living or nonliving items but rather suggests a graded semantic deficit. Additionally,
the AD brain does not clearly respect the distinction in global vs. local feature processing,
suggesting possible deterioration of perceptual featural processing (Chan et al., 1998; Chan
etal., 1997; Chan et al., 1993; Chan et al., 2001). Our findings are most consistent with
contemporary PDP models of semantic memory that posit semantic knowledge arises from
the convergence of interactive activation of representations of objects (e.g., either modality-
specific or feature-driven) that are distributed throughout the cortex. Regions of significant
BOLD group differences may be reflective of the convergence of this information in the
brain (e.g., Roger’s “cross-modal hub”). Aronoff et al.’s (2006) assertion that the
connections among distributed sets of features are randomly damaged in AD, resulting in
semantic deficits, may also explain the variability in our findings (e.g., lack of clear
evidence for neural instantiation of a category-specific deficit). While Aronoff’s view
suggests that loss of featural knowledge drives the semantic memory deficit in AD, it
acknowledges that the entire network underlying a word’s meaning is not necessarily
damaged. Thus, AD distorts the “semantic space” but may leave semantic knowledge
partially intact in the early stages of disease, with more comprehensive losses expected as
the disease progresses (Aronoff et al., 2006).

Consistent with our prediction and some previous results (Wierenga et al., 2009), patients
with AD exhibited a larger word retrieval-related brain response (collapsed across category)
than CN individuals in the right inferior frontal gyrus and the left and right anterior cingulate
(including the rostral cingulate zone). This increased activity in task-related brain regions
may reflect neural compensatory mechanisms invoked to support cognitive processing in the
face of cortical compromise. Furthermore, the observed increase in brain response in the
right inferior frontal gyrus in the AD group is also seen in normal aging (Wierenga et al.,
2008) and can be interpreted in light of Cabeza’s (2002) hemispheric asymmetry reduction
in old adults (HAROLD) model. According to this model, the activity observed in
contralateral areas in the right hemisphere reflects increased neurocognitive effort to
maintain an equivalent level of performance (Hernandez, 2009). These compensatory
mechanisms may not be uniformly invoked throughout the brain, however, since the CN
group showed greater brain response than the AD group in the right middle frontal gyrus.

In contrast to previous reports that AD patients show a delayed BOLD response, we
observed no differences in the time course of the HDR in the AD and CN groups. However,
we may have reduced our ability to detect changes in the temporal dynamics of the HDR by
excluding individuals with cerebrovascular disease in an attempt to decrease the possibility
of confounding compromised vascular responses with changes in cognitive processing.
Because the AD and CN groups did not differ on quantitative measures of cerebrovascular
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integrity (e.g., white matter hyperintensities), it is unlikely that group differences in vascular
response contributed to observed BOLD effects. Future studies should include direct
measures of vascular responsiveness (e.g., hypercapnia) to adequately assess changes in the
physiological basis of group differences in the BOLD response.

Several factors that could influence the observed differences in the brain responses
associated with semantic processing in the AD patients and CN individuals should be
considered. First, patients with AD performed less accurately than CN individuals when
naming tools and vehicles, and responded more slowly when naming in all categories,
raising the possibility that the present results reflect differences in difficulty and retrieval
effort rather than differences in the processing of stimulus category or global/local
information. It should be noted, however, that activation in some brain areas showed a
double dissociation across groups and categories that makes the influence of task difficultly
unlikely. For example, in the right inferior frontal area CN individuals showed greater brain
response when processing vehicles and tools than when processing animals, whereas AD
patients showed greater brain response when processing animals than when processing tools
or vehicles. Furthermore, the level of brain response in many other activated regions did not
consistently correspond to level of task performance. For example, AD patients showed
elevated BOLD response in some regions when naming tools, but decreased BOLD in
others, even though they were less accurate in naming tools than animals, and faster at
naming tools than vehicles. The lack of correlation between brain response and naming
performance would not necessarily be expected if level of brain activity were driven by task
difficulty. It may be the case that group differences in brain areas (e.g., medial prefrontal
cortex and right inferior frontal gyrus) that were activated when categories were collapsed
might reflect the influence of task difficulty, but differences in brain responses across
categories most likely reflects group differences in semantic processing of the objects that
were named. The behavioral findings also suggest that AD results in category-specific
semantic deficits given that there was a group x category interaction effect in naming
accuracy even though stimuli were carefully selected so that categories did not differ in
difficulty for younger and older cognitively intact adults, and there were no category
differences in naming accuracy in the CN group.

Second, group differences in brain response could be influenced by demographic or genetic
factors. However, the AD and CN groups did not differ significantly with regard to age,
level of education, family history of AD, sex, or APOE genotype, thereby reducing the
likelihood that these factors contributed to the present findings. Third, the AD group had
reduced (compared to the CN group) total brain volume, cerebral gray matter volume, left
and right hippocampal volumes, and reduced cortical thickness in regions of interest that
included the right fusiform gyrus, right pars triangularis, right pars opercularis and left and
right posterior cingulate. This raises the possibility that functional changes were related to
morphological differences between the groups. However, whole brain results on a subset of
participants matched for total whole brain volume were consistent with the results for the
entire sample, suggesting that differences in brain volume or thickness did not largely
contribute to differences in functional brain response between groups. Importantly, within
group analyses that compared task (object naming) to baseline (viewing pixelated images)
provided essential confirmation that activity associated with naming occurred in expected
regions (including frontal and inferior temporal cortices).

In summary, the widespread group differences we observed in the neural correlates of
categorical representation of semantic knowledge provide support for the notion that patients
with AD suffer semantic network disruption that does not clearly follow living vs. nonliving
categorical distinctions or global vs. local featural distinctions. Both category and feature
knowledge may be impacted by AD consistent with the theory that category distinctions
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emerge from attributes shared by category members. The neuropathology of AD may
damage the connections among features that results in observable category-specific
differences. Group differences in word retrieval (irrespective of semantic category) were
restricted to frontal cortical regions. Patients with AD showed greater than normal brain
response in the right inferior frontal gyrus and rostral cingulate zone bilaterally, presumably
due to the application of more effortful semantic retrieval. This provides further support for
frontal lobe-mediated compensatory mechanisms, and generally concurs with the notion that
executive functions mediated by the frontal lobes may be better preserved than temporal
lobe-mediated episodic or semantic memory functions during the early period of AD
(Mickes et al., 2007).
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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<.05) for a single-sample t-test
are presented in the top panel for the CN participants and the bottom panel for the AD
participants with the corresponding hemodynamic response function for each category by
group. Warm colors represent areas more active during object naming than passive viewing
(red: p<.05, orange: p<.01, yellow: p<.005). Results are overlaid onto coronal slices of a
high-resolution anatomical image (L: left, 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 scan. Thresholded and clustered results (protecting a whole brain
p<.05; red: p <.05, orange: p <.01, yellow: p<.005) for the 2 group x 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) and in the bottom panel for
the interaction of group x category, with corresponding AUC for each category per group
for the four largest clusters (R: right, L: left).
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