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Patients with Alzheimer's disease have category-specific semantic memory difficulty for natural relative to
manufactured objects. We assessed the basis for this deficit by asking healthy adults and patients to judge
whether pairs of words share a feature (e.g. “banana:lemon—COLOR”). In an fMRI study, healthy adults showed
gray matter (GM) activation of temporal–occipital cortex (TOC) where visual–perceptual features may be
represented, and prefrontal cortex (PFC)whichmay contribute to feature selection. Tractography revealeddorsal
and ventral stream white matter (WM) projections between PFC and TOC. Patients had greater difficulty with
natural than manufactured objects. This was associated with greater overlap between diseased GM areas corre-
lated with natural kinds in patients and fMRI activation in healthy adults for natural kinds. The dorsal WM pro-
jection between PFC and TOC in patients correlated onlywith judgments of natural kinds. Patients thus remained
dependent on the same neural network as controls during judgments of natural kinds, despite disease in these
areas. For manufactured objects, patients' judgments showed limited correlations with PFC and TOC GM areas
activated by controls, and did not correlate with the PFC–TOC dorsal WM tract. Regions outside of the PFC–
TOC network thus may help support patients' judgments of manufactured objects. We conclude that a
large-scale neural network for semantic memory implicates both feature knowledge representations in
modality-specific association cortex and heteromodal regions important for accessing this knowledge, and
that patients' relative deficit for natural kinds is due in part to their dependence on this network despite disease
in these areas.

© 2012 Elsevier Inc. All rights reserved.
Introduction

Semantic memory is the long-term representation of knowledge
about our world (Tulving et al., 1972). While impairment of episodic
memory is the best known clinical characteristic of Alzheimer's disease
(AD), semantic memory deficits are also frequently present (Chertkow
and Bub, 1990; Chertkow et al., 2008; Grossman and Koenig, 2001;
Hodges et al., 1992;Martin and Fedio, 1983). Semanticmemory difficulty
in AD is characterized by a relative impairment for natural kinds com-
pared to manufactured objects (Garrard et al., 2001a, 2001b; Grossman
et al., 1998;Mauri et al., 1994;Moss et al., 1998; Silveri et al., 1991). Ques-
tions nevertheless remain about the basis for this deficit. In this report,we
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use functional MRI (fMRI) and diffusion tensor imaging (DTI) in healthy
adults to help identify the joint contribution of perceptual feature knowl-
edge inmodality-specific association cortex and regions of prefrontal cor-
tex that help select feature knowledge for natural and manufactured
object categories.We further use structuralMRI andDTI in patients to ex-
amine the basis for their relative difficulty with natural kinds.

AD is a neurodegenerative condition that involves disease in both
modality-specific association areas (such as temporal–occipital cortex;
TOC) and heteromodal association regions (such as lateral prefrontal
cortex; PFC) (Braak et al., 1997; Dickerson et al., 2009; Forman et al.,
2006). Both of these areas are regularly recruited in fMRI studies of
healthy adults during semantic memory tasks (Binder et al., 2009). As
noted above, patients with AD often have semantic memory difficulty
that typically includes relative impairment for natural kinds compared
to manufactured artifacts. Since this deficit has been shown in studies
using well-matched category-specific materials administered in the
identical manner, the impairment cannot be easily attributed to
non-semantic deficits such as limited attention, impaired mental imag-
ery or difficulty perceiving stimuli.
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At least two hypotheses relate the anatomic distribution of disease in
AD to their category-specific semantic memory deficit. One hypothesis
attributes their semantic memory deficit primarily to degradation of
the perceptual features that contribute disproportionately to the
representations of natural kinds than manufactured objects (Chertkow
et al., 1990; Farah and McClelland, 1991; Fung et al., 2001; Grossman
et al., 1998; Whatmough et al., 2002). This hypothesis is associated
with an anatomic model of semantic memory that proposes that object
knowledge depends largely on the activation of brain regions that
store the visual–perceptual features contributing to object concepts
(Barsalou, 2008;Martin, 2007).We refer to this as the sensory-motor hy-
pothesis. From this perspective, TOC plays a critical role in storing visual–
perceptual features because it is near areas that are important for
perceptual processing of this information. Disease in AD involving
modality-specific association regions like TOC may therefore interfere
with the representation of natural kinds because these object concepts
are thought to be more dependent on visual–perceptual features than
are manufactured objects (Saffran et al., 1994).

To date, few studies of AD have examined imaging evidence relating
disease in modality-specific regions like TOC to performance on
semantic-memory tasks involving object knowledge. In a resting PET
correlation study of AD, judgments of visual attributes of natural kinds
were associated with TOC, while judgments of visual attributes of
manufactured objectswere associatedwith premotor and anterior tem-
poral regions (Zahn et al., 2006). In a BOLD fMRI activation study, in-
creased recruitment in left TOC was seen in AD relative to healthy
seniors for natural kinds, and this increased recruitment was greater
during judgments of natural kinds relative to manufactured objects,
suggesting compensatory up-regulation of TOC during AD patients'
judgments of natural kinds as disease accumulates in areas critical for
representing perceptual features contributing to natural object con-
cepts (Grossman, 2003). Together, these findings suggest that patients
continue to depend on TOC during judgments of natural kinds despite
disease in this area, while other areasmay be recruited—including pari-
etal and premotor areas thought to be important for storing motion
(Chao and Martin, 2000) and action (Hauk et al., 2004) features—to
support the representation of manufactured objects. Features of
manufactured objects may be more distributed than those of natural
kinds, and thus may be less susceptible to disease in AD (Devlin et al.,
1998; Gonnerman et al., 1997; Koenig et al., 2010; Rogers, 2004).

A second semantic memory hypothesis builds on this sensory-motor
approach by invoking a second component—top–down control and
selection of sensory-motor features (Koenig and Grossman, 2007;
Putnam, 1970; Thompson-Schill, 2003). This component may be critical
for selecting target information in semantic representations, generalizing
across specific instances of an object category, and making inferences
about objects regardless of their sensory-motor features (Caramazza et
al., 1990). From this perspective, a large-scale neural network for seman-
ticmemorymay dependnot only on regions ofmodality-specific sensory
cortex, but also on association cortices that are notmodality-specific.We
refer to this as the heteromodal hypothesis. The concept of a large-scale
network underlying semanticmemory is an important consideration be-
cause there are few lesion studies reporting semantic memory deficits
following disease restricted to a single region. This raises the possibility
that disruption of a network, rather than damage to a circumscribed re-
gion of cortex, compromises semantic memory.

Some support for this heteromodal hypothesis comes from the ob-
servation that PFC is frequently recruited in fMRI studies of word
meaning in healthy controls, yet is not associated with a specific
sensory-motor modality (Binder et al., 2009; Martin et al., 1995,
1996; Thompson-Schill, 2003). In one study, for example, activation
of dorsolateral portions of PFC was seen when subjects judged wheth-
er a list of attributes describes a target word, presumably helping to
control and select features that contribute to an object concept
(Peelle et al., 2009). Likewise, PFC was recruited in a concept acquisi-
tion study when it was necessary to identify the specific visual–
perceptual features required for membership of an object in the
new category (Koenig et al., 2005). PFC activation was not seen in
these studies for other judgments, such as the overall resemblance
of an object to a prototypical member of the novel category. Recently,
investigators found PFC areas that are sensitive to conceptual and
perceptual differences between pictured natural kinds in a category
membership judgment task (Gotts et al., 2011). Thus, there is sub-
stantial evidence supporting a role for PFC in semantic memory.

Multi-componentmodels of semanticmemory such as this also nec-
essarily implicate white matter projections between the gray matter
(GM) regions contributing to this network. Indeed, anatomic studies
of nonhuman primates have identified converging white matter
(WM) projections between modality-specific association cortices such
as TOC and heteromodal regions such as PFC (Mesulam, 2000;
Mesulam et al., 1977; Petrides and Pandya, 1999; Seltzer and Pandya,
1984),making PFC particularly suitable for a supramodal role in seman-
tic memory. There is a long history of work underlining the critical role
of the arcuate fasciculus in language processing (Geschwind, 1965).
More recently, DTI studies have identified direct projections through
the arcuate fasciculus that connect TOC and PFC (Catani et al., 2005).
In addition to this dorsal stream, a ventral stream involving the inferior
frontal–occipital fasciculus coursing between PFC and TOC also may
contribute to language processing (Turken and Dronkers, 2011). Hy-
potheses regarding the roles of these projections in language processing
have been forwarded (Friederici, 2011; Hickok and Poeppel, 2004,
2007), but few studies have provided empirical evidence regarding
the contribution of these projections to a semantic memory network.
Here we use DTI to examine whether these projections are implicated
in an fMRI study recruiting PFC and TOC components of a large-scale
neural network of semantic memory. If semantic memory difficulty in
AD depends in part on the breakdown of this network, moreover,
then this deficit also may depend in part on reduced connectivity be-
tween the regions implicated in the semantic memory network.

In sum, the present study tests the hypothesis that selective break-
down of a large-scale neural network for semantic memory—including
disease in TOC and PFC as well as degraded projections between TOC
and PFC—contributes to the category-specific deficit for natural kinds
in AD.We first describe an fMRI study in healthy adults probing knowl-
edge about natural kinds and manufactured objects. We then report
data from this same task in patients with AD, alongwith correlated neu-
roimaging measures of GM and WM integrity.

Methods

Subjects

Participants in the fMRI task were 18 healthy adults (9 males) aged
18–33 years (mean=24.4, SD=3.4) from theUniversity of Pennsylvania
community. Allwere right-handed, native English speakers, andhad good
general health and no history of neurological difficulty as established by a
pre-scan screening form.

We also studied 33 patients with AD spectrum disease, including 15
with probable AD (7 males) and 18 with amnestic Mild Cognitive Im-
pairment (aMCI) (13 males), diagnosed according to published criteria
(Albert et al., 2011;McKhann et al., 2011).We extended our assessment
to aMCI because of the identical underlying histopathology and because
these patients also appear to show semantic memory deficits (Adlam
et al., 2006; Joubert et al., 2010;Woodard et al., 2009). Patients with ev-
idence for other neurological disorders such as stroke or hydrocephalus,
primary psychiatric disorders such as major depression or schizophre-
nia, or medical conditions that can interfere with cognitive functioning
such as encephalopathy or metabolic disorders were excluded from
participation. Patients may have been taking a clinically indicated dos-
age of a medication such as a cholinesterase inhibitor or a small dosage
of an anti-depressant, but dosage was stable throughout the entire
study and no patients were suffering frommedication-related cognitive



265M. Grossman et al. / NeuroImage 68 (2013) 263–274
side effects.We also studied 14 healthy seniors (6males)who served as
controls for the AD patients in the behavioral study. Patients were older
than age-matched controls, as indicated in Table 1, but there was
no correlation between performance on this simple task and age
(r=−0.05). All subjects participated in an informed consent procedure
approved by the Institutional Review Board of the University of
Pennsylvania.

As expected, patients were mildly impaired according to the MMSE.
We also examined patients on a brief neuropsychological battery. This
included measures of: semantic memory (Pyramid and Palm Tree test,
a measure of semantic associativity knowledge involving pictures or
words) (Howard and Patterson, 1992); episodic memory (delayed recall
from a word list; and delayed recall of the complex Rey figure) (Libon
et al., 1996, 2007); executive functioning (Trails B, ameasure of planning
and organization; FAS, a category naming fluency measure requiring
mental search andworkingmemory) (Libon et al., 2007); and visuospa-
tial functioning (localization of a 1 cm dot in a 5″×8″ space similar to a
model; and copy of the complex Rey figure) (Libon et al., 2007). Not all
patients were able to perform all tasks for a variety of reasons (e.g., in-
tercurrent medical needs, scheduling, technical difficulties). Perfor-
mance on these measures is summarized in Table 1.

Stimulus materials

We created pairs of printed nouns, half of which were natural kinds
(e.g. banana, lemon) and half manufactured objects (e.g. spoon, knife)
(see Supplement Table 1). We used words rather than pictures to min-
imize the possibility that purely visual–perceptual deficits could explain
patients' difficulties. Natural kinds consisted of fruits, vegetables and
animals, and manufactured objects consisted of implements, sports
equipment and means of transportation. We created 200 pairs, where
half were natural kinds and half manufactured objects, and half of
each of these stimulus subsets probed shape and half color. According
to norming studies on subjects who did not participate in this study,
half of the shape and half the color pairs of each semantic category
were judged “same” and half “different.” Word frequencies (Francis
and Kucera, 1982) and familiarity ratings obtained from a different
group of 20 young adults were used tomatch lists of stimuli, and no sig-
nificant differences (p>0.10) were found between natural kinds and
manufactured objects, or between shape and color stimuli. All stimulus
words were highly imageable. Intermixed were 50 filler pairs (100
words) that queried a third perceptual feature (“size”) of natural and
manufactured objects; performance on these fillers did not differ be-
tween groups (according to pretesting), and these items were not con-
sidered further.
Table 1
Mean (± SD) clinical and demographic features in patients and controls.

Patients
(n=33)a

Controls
(n=14)

Age 73.1 (9.0) 61.4 (8.5)
MMSE (max=30) 23.9 (4.6) 29.6 (0.8)
Semantic

Pyramid and Palm Tree-words (max=52) 46.9 (5.6) 52.0 (0.0)
Pyramid and Palm Tree-pictures (max=52) 46.7 (5.8) 51.5 (0.7)

Episodic memory
Verbal word list (max=9) 0.2 (0.3) 7.6 (0.9)
Visual geometric figure (max=24) 6.2 (5.2) 19.8 (5.6)

Executive
Trails B (max=25) 19.2 (7.4) 25.0 (0.0)
FAS (# words/3 min) 29.3 (14.0) 40.1 (12.2)

Visual
Dot location copy (mm displacement from target) 103.89 (107.5) 62.5 (30.4)
Rey figure copy (max=36) 26.0 (9.0) 35.5 (1.0)

a Three AD cases did not have Pyramid and Palm Tree Pictures, seven cases did not
have Pyramid and Palm Tree Words, two cases did not have Verbal Word List, one
case did not have Visual Geometric Figure Recall or Copy, three cases (3 AD) did not
have Trails B, and four cases (3 aMCI, 1 AD) did not have dots.
Behavioral fMRI study in healthy controls

We administered to healthy controls a subset of these materials
while we monitored activation with BOLD fMRI. Each trial began with
a 500 ms crosshair followed by presentation of a pair of nouns. Pairs
remained on the screen for 2.5 s or until subjects responded using a
keypad to indicate “same” or “different.” An event-related design was
used, and 80 word pairs (40 pairs of natural kinds and 40 pairs of
manufactured objects) were presented in a fixed pseudorandom order
for the block probing each perceptual attribute. Between each trial,
there was an interval of 0, 3, 6, 9 or 12 s, during which time a blank,
white screenwas displayed. Subjectswere trained in advance on the ex-
perimental materials with several practice items, and all subjects
appeared to understand the task and the procedure for indicating
their judgments during the practice session prior to the experiment.
Presentation was blocked by material and probe in order to minimize
executive control demands associated with trial-by-trial switching be-
tween materials or between probes. Blocks began with a question for
3 s indicating the attribute to be compared during the block (e.g. “Are
these the same color?”), and the relevant property (e.g. “color”) was
written below each word pair during presentation of the remainder of
the stimuli for a block.

BOLD fMRI imaging methods in healthy controls

MRI data were acquired on a Siemens Trio scanner (SiemensMedical
Systems, Erlangen, Germany) at 3 T, beginning with acquisition of a
T1-weighted structural volume using a MPRAGE sequence (repetition
time [TR]=1620 ms, echo time [TE]=3 ms, flip angle=15°, 1 mm
slice thickness, 192×256 matrix, voxel size=0.9766×0.9766×1 mm).
Blood oxygenation level-dependent functional MRI images were ac-
quired with 3 mm isotropic voxels, flip angle=90°, TR=3 s, TEeff=
30 ms, and a 64×64 matrix.

Analysis of the fMRI data was performed using SPM8 software
(Wellcome Trust Centre for Neuroimaging, London, UK; http://www.
fil.ion.ucl.ac.uk/spm). For each participant, images were realigned to
the first image, coregistered to the structural image, and normalized
to Montreal Neurological Institute (MNI) space using unified segmen-
tation (Ashburner and Friston, 2005), including resampling to
2×2×2 mm voxels, and spatially smoothed with a 10 mm full-width
at half maximum (FWHM) Gaussian kernel. Responses to events were
modeled using a canonical hemodynamic response function, andmove-
ment parameters were included as covariates of no interest. Parameter
estimates from single-subject analyses were brought to second-level
random effects analyses for making group inferences. Statistical maps
for the MRI analyses were rendered on 3D MNI-space templates from
SPM8.

Behavioral procedure for the patient study

Subjects were asked to compare pairs of written object nouns based
on a perceptual feature using the same materials described above. We
recruited mildly impaired patients and used a simple task involving
a single judgment of familiar objects to minimize the risk that
executive-resource limitations may contribute to the patients' deficit.
Stimulus presentation was blocked by perceptual probe (color or
shape) in order to minimize task-related demands associated with
trial-by-trial switching between probes. Blocks began with a question
for 3 s indicating the feature to be compared during the block (e.g.
“Are these the same color?”), and the relevant property (e.g. “color”)
waswritten beloweachword pair during presentation of the remainder
of the stimuli for a block to minimize any difficulty due to impaired
episodic memory. One hundred and fifty word pairs (50 of natural, 50
manufactured, and 50 filler) were presented in a fixed pseudorandom
order for each block.

http://www.fil.ion.ucl.ac.uk/spm
http://www.fil.ion.ucl.ac.uk/spm
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Each trial within a block began with a 500 ms crosshair on the com-
puter screen followed by presentation of a pair of nouns. Pairs remained
on the screen until subjects responded in order to minimize task-related
workingmemory demands, and subjects used the computer keyboard to
indicate “same” or “different.” Subjects were trained beforehand on the
experimental method with several practice items, and all subjects
appeared to understand the task during the practice session.

T1-weighted gray matter atrophy imaging methods for the patient study

For 17 patients (8 with AD and 9 with aMCI), we had a volumetric
T1-weighted brain MRI scan available on average within 4 months of
the behavioral task. These patients did not differ statistically from the
larger set of patients on any demographic or cognitive measure.
T1-weightedMRI scans were also available for 40 age-matched controls
(MMSE>27 for all healthy seniors) who did not participate in the
behavioral testing. We used a SIEMENS Trio 3.0 T scanner at 1 mm
slice thickness and a 192×256 matrix using an MPRAGE protocol
(TR=1620 ms, TE=3 ms, flip angle=15°, in-plane resolution=
0.9766×0.9766). Images were preprocessed by deforming into a stan-
dard local template space with 1-mm3 resolution using PipeDream
(https://sourceforge.net/projects/neuropipedream/) and Advanced
Normalization Tools (ANTS, http://www.picsl.upenn.edu/ANTS/) in a
validated pipeline for multivariate normalization (Avants et al., 2008;
Klein et al., 2009). PipeDream and ANTS were used to map
T1-weighted structural MRI images to an optimal template space
using diffeomorphic and symmetric registration methods (Avants and
Gee, 2004; Avants et al., 2010). Each subject's T1 image was corrected
for inhomogeneity using N4 (Tustison et al., 2010) and segmented
into GM probability maps using template-based priors, then registered
toMNI space for statistical comparisons. During normalization, nomod-
ulation was performed (i.e., normalized images reflect gray matter
probability, not volume). GM probability images were smoothed using
an 8 mm FWHM Gaussian kernel.

We used a two-sample t-test contrasting normalized GM probability
between patients and healthy controls in order to identify regions of sig-
nificant GM atrophy. For this atrophy analysis, we used a whole-brain
threshold of pb0.05 (false discovery rate [FDR]-corrected for multiple
comparisons at the voxel level), 400 μl extent.

We then conducted whole-brain regression analyses to relate GM
probability to the accuracy of color and shape judgments of natural and
manufactured objects. For the regression analysis, we used a statistical
height threshold of pb0.05 (uncorrected) and accepted clusters
containing a peak with z-score>3.09 (pb0.001) and an extent of at
least 50 μl. We used this liberal statistical threshold because we wished
to establish whether any significant voxels relating performance to
atrophy emerged in the regions of interest (ROIs) defined by fMRI
activations in healthy adults for the same materials.

Tractography analysis with diffusion tensor imaging

We assessed the white matter projections that directly connect the
PFC and TOC regions implicated in task performance. We focused on
these two regions because they were activated for both features of
both semantic categories in the fMRI BOLD study (see below). DTI im-
ages were available for 15 young controls and 10 patients (6 with AD
and 4 with aMCI, meanMMSE=21.8) where we also had T1 structural
imaging. Technical difficulties, the use of different image acquisition pa-
rameters, or lengthy discrepancies between T1 and DTI acquisitions
limited DTI use in the remaining patients who had T1 structural
imaging. DTI acquisition parameters were: FOV=240 mm; matrix
size=128×128; number of slices=70; imaging resolution=
1.9×1.9×2 mm; TR=8000 ms; TE=82 ms; fat saturation. In total,
31 volumes were acquired per subject, onewithout diffusionweighting
(b=0 s/mm2) and 30 with diffusion weighting (b=1000 s/mm2)
along 30 non-collinear directions.
Diffusion-weighted images were pre-processed using ANTS and
the Camino toolkit (Cook et al., 2006) using the PipeDream process-
ing pipeline. Motion and distortion artifacts were removed by affine
co-registration of each diffusion-weighted image to the unweighted
(b=0) image. Diffusion tensors were computed using a linear least
squares algorithm (Salvador et al., 2005) implemented in Camino.

Using the T1 template described above, DTI images from each sub-
ject were relocated to the T1 template space by PipeDream. Any distor-
tion between the subject's T1 and DTI image was corrected by
registering the fractional anisotropy (FA) to the T1 image. The DTI
image was then warped to template space by applying both the
intra-subject (FA to subject T1) and inter-subject (subject T1 to tem-
plate) warps. We also reoriented the tensors using the preservation of
principal directions algorithm (Alexander et al., 2001). To establish
the PFC and TOC ROIs that constitute the GMcomponent of the network
for each semantic category studied in the task, we used the regions ac-
tivated during performance of the identical task byhealthy subjects. Use
of these ROIs allowed us to determine whether deviations from normal
connectivity between these areas emerge in patients. A morphological
dilation, radius 3 voxels, was then applied to the functionally-defined
ROIs from healthy controls to extend them into WM.

We then identified theWM tracts linking the ROIs for each semantic
category in both healthy adults and patients. A DTI template was com-
puted by averaging each participant's DTI image after normalization to
the T1 template space. Streamline tractography was performed sepa-
rately for healthy adults and patients using Camino. For each group,
streamlines of the participants' DTI were seeded in each voxel of the
left hemisphere of the DTI template with an FA>0.25, and proceeded
according to the FACT algorithm (Xue et al., 1999). Tracking was termi-
nated upon reaching a voxel with FAb0.25 or if the streamline trajec-
tory changed >45° in successive steps. WM connectivity between PFC
and TOCwas visualized by searching the set of left-hemisphere stream-
lines and retaining only those that intersected both ROIs.

Results

Behavioral results

Behavioral results confirmed a relative deficit for natural kinds in pa-
tients. T-tests showed a robust statistical difference in judgment accura-
cy between controls (mean±S.D.=35.1±2.5 correct) and patients
(31.7±4.6 correct) for natural kinds [t(45)=2.62; p=0.01], and a
smaller difference between controls (31.8±2.3 correct) and patients
(29.9±3.2 correct) for manufactured objects [t(45)=2.00; p=0.051].
Since controls found manufactured objects more difficult than natural
kinds [t(13)=6.14; pb0.001], we evaluated patients' between-
category performance comparatively while accounting for the different
levels of controls' performance with these stimuli by converting individ-
ual patients' performance to z-scores relative to controls' performance
within each category. An analysis of variance (ANOVA) examined judg-
ment accuracy in patients usingwithin-subjects effects for semantic cat-
egory (2: natural,manufactured) and visual–perceptual feature (2: color,
shape). This revealed a main effect for semantic category, with greater
difficulty for natural kinds (z=−1.11±1.7) than manufactured objects
(z=−0.67±1.1) [F(1,32)=8.03; p=0.008]. An evaluation of individu-
al patient performance profiles using these z-scores revealed greater dif-
ficulty for natural kinds compared to manufactured objects in 21 (64%)
of patients.While the relative deficit for natural kindswasmore common
among AD patients than aMCI patients, this percentage did not statisti-
cally between subgroups (p>0.15). We did not observe a main effect
for perceptual feature [F(1,32)=1.71; p=0.49], but there was an inter-
action for semantic category×perceptual feature [F(1,32)=9.26; p=
0.005],with shape features of natural kindsmore difficult than shape fea-
tures of manufactured objects [t(32)=3.95; pb0.001]. We also found a
significant correlation between overall judgment accuracy on this task
and performance on the Pyramid and Palm Tree measure of semantic

https://sourceforge.net/projects/neuropipedream/
http://www.picsl.upenn.edu/ANTS/
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memory [r(24)=0.66; pb0.001], consistent with the view that our be-
havioral measure is related in part to semantic memory.

fMRI results in healthy adults

BOLD fMRI in healthy adults showed activation of PFC and TOC re-
gions for both categories, although there also appeared to be some
additional selective activation for natural and manufactured catego-
ries. We conducted whole-brain analyses to identify regions of signif-
icant activation relative to resting baseline while participants made
judgments about natural kinds and manufactured objects, using a
voxelwise threshold of pb0.001, corrected for multiple comparisons
across the whole brain (pb .05) based on cluster extent using random
field theory. These results are shown in Fig. 1a. As summarized in
Table 2, we found that semantic judgments for both categories
resulted in increased activation bilaterally in both TOC and PFC, as
well as left parietal cortex. Fig. 1b shows the direct comparison of ac-
tivations for natural kinds and manufactured objects. As summarized
in Table 3, this demonstrated clusters in temporal and frontal cortex
in which there was significantly greater activation for manufactured
objects. We also observed greater activation in the left angular gyrus
for natural kinds compared to manufactured objects.

T1 structural atrophy results in patients

Gray matter atrophy in patients is illustrated in Fig. 2a and sum-
marized in Supplement Table 2. Patients had widespread gray matter
atrophy throughout temporal, frontal, parietal and occipital lobes. Al-
though this general atrophy was expected to impact upon patients'
overall level of performance, we were most interested in the relation-
ship between GM atrophy and impaired behavioral performance.

Regression analyses relating behavioral performance to structural
atrophy in patients showed a differential deficit for natural kinds. Re-
gression analyses relating regional GM density in patients to their
performance in each of the experimental conditions are shown in
Fig. 2b, along with the outline of regions activated by young adults
(in white). The results of the regression analyses are summarized in
Table 4. Multiple areas of GM atrophy were implicated in judgments
of both natural kinds and manufactured artifacts, including portions
of temporal, frontal and parietal cortex.

We examined whether patients depend on the same regions as
healthy controls for their decisions about natural and manufactured
objects. To this end, we assessed overlap between the results of
these GM regression analyses in patients and BOLD fMRI activations
in healthy controls. The greatest overlap between the regions impli-
cated by the regression analyses for patients and the fMRI BOLD
Fig. 1. BOLD fMRI activations for natural kinds andmanufactured objects in healthy adults. (a) A
comparisons of activations for natural kinds and manufactured objects.
activations for healthy controls was for shape judgments of natural
kinds (3205 voxels overlapping); there was also considerable overlap
between regression analyses in patients and BOLD fMRI activations in
healthy controls for color judgments of natural kinds (2648 voxels
overlapping). The overlapping regions for both color and shape
judgments of natural kinds include both TOC and PFC, implicating
difficulty in multiple regions of the neural network supporting nor-
mal semantic judgments about perceptual features. Patients thus
appeared to be using the same regions that controls recruited when
judging natural kinds. Since these areas are significantly diseased in
patients, their difficulty judging natural kinds may be due in part to
degradation of the GM substrate that normally supports judgments
of this category of objects. The overlap for judgments of manufactured
objects was still present, but quantitatively lower, for judgments of
both shape (439 voxels) and color (107 voxels). The lack of correspon-
dence between the areas that healthy adults recruited and those that
patients relied on for judgments about manufactured objects thus
suggested that patients' relative success with manufactured objects
may be due in part to their use of brain regions other than those
recruited by healthy adults for manufactured objects.

Patients' relative dependence on the same areas as healthy con-
trols for natural kinds was confirmed by similar analyses examining
the BOLD fMRI regions selectively activated by healthy controls in di-
rect comparisons of natural and manufactured categories. We found
overlap for the angular gyrus area selectively activated for the natural
category in healthy controls and areas implicated by regression anal-
yses in patients' decisions about natural kinds (112 voxels for shape
judgments, 11 voxels for color judgments). By contrast, there was
no overlap between the temporal and frontal areas selectively acti-
vated for the manufactured category in healthy controls and the
areas implicated by the regression analyses in patients' decisions
about manufactured objects. Moreover, the areas of the regression
analyses in patients appeared to be specific for semantic memory be-
cause a similar regression using the verbal episodic memory measure
provided in Table 1 did not overlap with the fMRI activations in con-
trols for semantic judgments (see Supplement Fig. 1).

What areas, then, do patients rely on for their judgments of
manufactured objects? The fMRI study in healthy adults demonstrat-
ed activation of the motor region of the frontal lobe (Fig. 1), but there
was no significant GM atrophy in this region in patients. Thus, pa-
tients may have been able to use knowledge about manufactured ob-
jects represented in this area to help support their judgments of these
objects. The accuracy of patients' color and shape judgments for
manufactured objects also correlated to some extent with parietal
gray matter atrophy, and the area implicated by this analysis was
not encompassed by the parietal area activated during the same
ctivity for manufactured objects and natural kinds relative to a resting baseline. (b) Direct



Table 2
fMRI activations results in young adults for natural kinds and manufactured objects rela-
tive to resting baseline.

Region # voxels Coordinates Z score

x y z

Natural kinds>baseline
L fusiform gyrus (37) 10,863 −38 −60 −20 5.60

L fusiform gyrus (18) −42 −76 −18 5.44
L fusiform gyrus (19) −22 −74 −18 4.84
L lingual gyrus (18) −6 −82 −18 5.01
L lingual gyrus (18) −8 −70 0 3.57
L inferior occipital gyrus (18) −32 −94 −6 4.77
L inferior occipital gyrus (18) −42 −84 −6 4.36
L cuneus (17) −4 −86 10 4.09
L cuneus (18) −2 −90 22 3.52
L cuneus (18) −4 −98 8 3.56
L cingulate gyrus (23) −2 −62 6 3.36
R fusiform gyrus (36) 46 −52 −26 4.93
R fusiform gyrus (37) 38 −62 −22 5.33
R fusiform gyrus (37) 34 −60 −22 5.29
R fusiform gyrus (19) 32 −76 −18 4.61
R fusiform gyrus (37) 34 −44 −24 3.90
R lingual gyrus (18) 12 −84 −20 4.74
B lingual gyrus (18) 0 −58 0 3.61
R inferior temporal gyrus (19) 48 −82 −4 3.32
R inferior occipital gyrus (18) 36 −88 −8 4.01
R cuneus (18) 30 −96 −2 3.96
R middle occipital gyrus (19) 36 −94 4 3.92
R precuneus (19) 2 −84 40 3.24
B cuneus (18) 0 −88 34 4.03
R cuneus (18) 16 −76 14 3.66
R cuneus (17) 10 −82 6 3.59
B cerebellum 2 −62 −32 3.64
B cerebellum 4 −80 −30 4.73
B cerebellum −6 −56 −32 3.54
B cerebellum 0 −60 −22 3.22

L inferior frontal gyrus (44) 3594 −48 8 30 4.46
L inferior frontal gyrus (47) −48 50 −8 3.88
L inferior frontal gyrus (47) −32 30 −16 3.64
L inferior frontal gyrus (47) −32 28 −12 3.63
L inferior frontal gyrus (47) −34 20 −6 3.57
L inferior frontal gyrus (47) −32 24 −8 3.57
L inferior frontal gyrus (47) −42 44 −4 4.03
L inferior frontal gyrus (44) −52 22 28 3.85
L precentral gyrus (6) −42 0 38 4.02
L precentral gyrus (6) −42 0 14 3.39
L middle frontal gyrus (10) −40 48 8 4.04
L middle frontal gyrus (46) −44 42 14 3.99
L middle frontal gyrus (30) −44 30 28 3.32
L middle frontal gyrus (9) −44 40 28 3.21
L middle frontal gyrus (46) −34 30 24 3.16
L middle frontal gyrus (45) −30 26 22 3.16
L insula −38 −2 14 3.39
L fusiform gyrus (36) −44 36 −20 4.11
L fusiform gyrus (37) −46 46 −18 3.81
L hippocampus −34 −20 −16 3.61
L hippocampus −30 −16 −12 3.56
L hippocampus −28 −26 −4 3.26
L putamen −24 16 4 3.99
L putamen −28 −6 6 3.87
L putamen −26 2 −10 3.85
L putamen −28 −8 2 3.84
L putamen −16 8 0 4.33
L putamen −20 10 2 4.18
L putamen −30 −6 −6 3.44
L putamen −20 10 14 3.12

R middle frontal gyrus (46) 576 50 36 24 4.56
R middle frontal gyrus (46) 48 40 24 4.50
R middle frontal gyrus (46) 48 48 10 3.72
R middle frontal gyrus (10) 40 56 14 3.31
R inferior frontal gyrus (44) 42 4 26 3.55
R inferior frontal gyrus (44) 50 22 30 3.47

L inferior parietal lobe (40) 1136 −30 −54 42 4.73
L inferior parietal lobe (40) −44 −38 46 3.50
L superior occipital gyrus (19) −24 −64 36 3.84

R putamen 2043 20 2 14 5.13
R putamen 26 8 −6 4.63
R putamen 22 18 −10 3.39

Table 2 (continued)

Region # voxels Coordinates Z score

x y z

Natural kinds>baseline
R putamen 2043 20 2 14 5.13

R insula 26 18 12 4.12
R insula 24 18 8 4.08
R insula 26 16 2 3.92
R cingulate gyrus (32) 10 24 36 3.81
R cingulate gyrus (24) 18 12 30 3.48
R inferior frontal gyrus (47) 30 26 −16 3.80
R inferior frontal gyrus (47) 34 26 −8 3.67
R inferior frontal gyrus (47) 30 28 −12 3.66
R inferior frontal gyrus (47) 36 24 −4 3.56
L medial frontal gyrus (32) −10 24 42 3.73
R ventral lateral nucleus of thalamus 18 −16 16 3.42
R amygdala 28 −2 −12 4.15

Manufactured objects>baseline
L inferior occipital gyrus (18) 16,922 −28 −94 −8 6.09

L inferior occipital gyrus (18) −32 −88 −16 5.88
L fusiform gyrus (37) −38 −60 −18 5.76
L fusiform gyrus (19) −38 −42 −10 5.11
L fusiform gyrus (20) −30 −44 −20 5.08
L lingual gyrus (19) −40 −50 −6 5.20
L lingual gyrus (19) −6 −62 −2 4.60
L lingual gyrus (18) −12 −64 0 4.46
L middle occipital gyrus (19) −40 −72 −14 5.94
L middle occipital gyrus (19) −42 −88 −2 5.47
L cuneus (34) −20 −66 4 4.68
R inferior occipital gyrus (18) 36 −86 −8 5.45
R inferior occipital gyrus (19) 36 −82 −10 5.40
R middle occipital gyrus (19) 44 −80 −14 5.56
R lingual gyrus (18) 12 −76 −16 5.56
L parahippocampal gyrus (36) −30 −30 −22 4.44
R fusiform gyrus (37) 36 −62 −20 6.01
R fusiform gyrus (20) 28 −44 −24 5.15
R fusiform gyrus (20) 38 −44 −34 4.84
R fusiform gyrus (20) 38 −46 −30 4.73
R fusiform gyrus (19) 30 −76 −18 4.57
R middle occipital gyrus (19) 36 −94 4 5.16
R cuneus (18) 32 −96 2 5.11
B lingual gyrus (19) 0 −64 −2 4.57
L cerebellum −2 −82 −28 5.52
R cerebellum 2 −80 −30 5.50
B cerebellum −2 −74 −24 5.05
B cerebellum 0 −60 −32 4.91
B cerebellum −6 −58 −32 4.71
B cerebellum 0 −58 −24 4.49
B cerebellum −4 −56 −20 4.40

L inferior frontal gyrus (44) 6086 −48 8 30 5.26
L inferior frontal gyrus (44) −52 12 16 4.73
L inferior frontal gyrus (47) −32 28 −2 4.47
L inferior frontal gyrus (47) −50 46 −12 3.76
L inferior frontal gyrus (47) −48 50 −6 3.81
L inferior frontal gyrus (47) −42 42 −20 3.62
L inferior frontal gyrus (11) −44 46 −18 3.83
L middle frontal gyrus (46) −40 28 14 4.87
L middle frontal gyrus (45) −32 20 22 4.45
L middle frontal gyrus (6) −48 4 50 3.97
L middle frontal gyrus (6) −40 2 58 3.65
L precentral gyrus −42 −2 40 4.46
L insula −28 18 2 4.42
L insula −30 22 0 4.35
R middle frontal gyrus (46) 50 36 24 4.53
R inferior frontal gyrus (47) 44 16 −6 3.56
R inferior frontal gyrus (45) 44 32 10 3.51
R inferior frontal gyrus (45) 34 26 6 3.44
R insula 34 26 −6 4.31
R insula 30 14 −2 4.31
L putamen −20 6 4 4.07
L putamen −18 6 −2 3.94
L globus pallidus −18 −6 10 4.29
L thalamus −12 −14 8 4.71
L thalamus −10 −18 8 4.64
R putamen 18 6 6 4.14
R putamen 24 0 6 3.63
R putamen 30 4 −2 3.37
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Table 2 (continued)

Region # voxels Coordinates Z score

x y z

Manufactured objects>baseline
L inferior frontal gyrus (44) 6086 −48 8 30 5.26

R globus pallidus 14 −2 −6 4.18
R globus pallidus 16 2 6 4.07
R thalamus 10 −6 −2 3.88
R thalamus 16 −12 10 4.83

L superior occipital gyrus (19) 2317 −24 −66 34 4.97
L superior occipital gyrus (19) −28 −72 26 4.32
L superior parietal lobe (7) −30 −54 50 4.94
L superior parietal lobe (7) −18 −64 54 4.43
L inferior parietal lobe (40) −30 −44 40 4.76
L inferior parietal lobe (40) −48 −32 48 4.32
L inferior parietal lobe (40) −46 −32 42 4.32
L inferior parietal lobe (40) −38 −44 54 3.94
L postcentral gyrus (3) −56 −22 40 3.17

L medial frontal gyrus (6) 423 −2 16 48 4.33
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judgments by healthy adults. In sum, patients may have been rela-
tively successful in their judgments about manufactured objects in
part because they do not depend on the identical regions that healthy
subjects do. This is consistent with the possibility that other mecha-
nisms are available to support patients' representation ofmanufactured
objects.
DTI tractography imaging results

Another factor potentially contributing to the category-specific ef-
fects in patients is that there may be a difference in theWMprojections
supporting connectivity between PFC and TOC during judgments of nat-
ural kinds compared tomanufactured objects. As illustrated in Fig. 3, we
observed two projections between PFC and TOC in controls in associa-
tion with judgments of natural kinds and manufactured objects. One
(mean FA=0.51) coursed through the superior longitudinal fasciculus
dorsal to the Sylvian fissure, and then proceeded between PFC and
TOC regions via the descending arm of the arcuate fasciculus. We also
observed a second, infra-Sylvian projection (mean FA=0.53) between
PFC and TOC through the inferior frontal-occipital fasciculus in the tem-
poral lobe that also appeared to be denser for natural kinds than
manufactured objects.

By comparison, patients' judgments of natural kinds and
manufactured objects were associated with a single, dorsal projection
(mean FA=0.45) between PFC and TOC that resembles the dorsal pro-
jection observed in controls. No ventral PFC–TOC projectionwas seen in
patients. These findings suggested that patients may have limited con-
nectivity within the large-scale neural network for object knowledge,
and this may interact with limitations in GM portions of the semantic
memory network to further interfere with judgments of natural kinds.
Table 3
fMRI results in young adults directly comparing activations for natural kinds and
manufactured objects.

Region # voxels Coordinates Z score

x y z

Manufactured>natural
L middle temporal gyrus (21) 518 −50 −56 2 4.67

L middle temporal gyrus (37) −48 −66 0 3.83
L inferior temporal gyrus (37) −48 −58 −10 3.67

L inferior frontal gyrus (44) 240 −48 10 24 4.02
L inferior frontal gyrus (45) −44 16 20 3.60

Natural>manufactured
L inferior parietal lobule (40) 275 −44 −68 44 5.21

L superior temporal gyrus (39) −52 −56 28 3.17
We also examined whether patients' judgments correlated with the
dorsal projection that they appear to have maintained. We found a
significant correlation between FA in the portion of the dorsal tract as-
sociated with judgments of natural kinds [r(8)=0.58; p=0.04,
one-tailed], but there was no correlation between FA and judgments
of manufactured objects. Thus, resembling our analyses of GM, we
found that the same dorsal tract implicated in the large-scale semantic
memory network in controls is also related to judgments of natural
kinds in patients. By comparison, for manufactured objects, patients
appeared to be relying on other neuroanatomic mechanisms to help
support connectivity within the semantic memory network.

Discussion

Patients with AD have difficulty understanding the meanings of
single words, and this is often manifested as a category-specific
deficit for natural kinds. We examined the basis for this pattern of im-
paired semantic memory by assessing judgments of visual–perceptual
features of natural and manufactured objects. We found a category-
specific deficit, with patients having relatively greater difficulty with
natural kinds. In healthy adults, we found activation of PFC and TOC
during judgments of natural and manufactured objects, with both dor-
sal and ventral WM streams projecting between these regions. Our
structural imaging analysis suggested that patients' judgments of natu-
ral kinds depend on some of the same areas in TOC and PFC that are ac-
tivated by healthy controls, and on the same, dorsal WM projection
between PFC and TOC that appears to connect these regions. The dam-
age to this network in patients thus may account in part for their rela-
tive difficulty with natural kinds. By comparison, patients were less
dependent on the same network as controls for their judgments of
manufactured objects, and this may account in part for their relative
success judging these objects. We discuss the implications of these ob-
servations for the category-specific semanticmemory deficit in patients
and theories of semantic memory in greater detail below.

Sensory-motor theories of semantic memory

Recent, anatomically-based theories of semantic memory suggest
that the sensory-motor feature knowledge that is part of object
meaning is represented in or near modality-specific association cor-
tex that corresponds to the type of sensory-motor information in
the object (Barsalou, 2008; Martin, 2007). For example, auditory as-
sociation cortex is activated in lexicality judgments of words enriched
with auditory features such as “thunder,” and disease in auditory as-
sociation cortex interferes with lexicality judgments of these words
(Bonner and Grossman, 2012).

In the fMRI results reported here, we found TOC recruitment during
judgments about the shape and color of natural kinds in healthy con-
trols. Since this area is important for visual–perceptual processing of
shape and color, it is also thought to be involved in representing
visual–perceptual features of objects. Patients have disease in these
areas. Notably, the anatomic distribution of fMRI activation for these
stimuli in healthy adults partially encompasses the areas implicated
by our regression analysis relating judgments of shape and color of nat-
ural kinds to GM atrophy in patients. Previous imaging work in AD also
has associated TOC with judgments of natural kinds (Grossman, 2003;
Zahn et al., 2006). Visual–perceptual processing deficits are reported
in AD, including difficulty with shape and color (Kirby et al., 2010).
Shape features and color features associated with object concepts may
be degraded to some extent in AD as well since the perceptual knowl-
edge associated with object concepts may be represented in or near
the same brain areas responsible for perceptual processing. We used
words as stimuli to minimize the likelihood that patients' difficulty is
due to visual–perceptual processing per se. The best example of
overlapping findings in the present study comes from judgments of
shape features of natural kinds, where we found substantial overlap



Fig. 2. Gray matter atrophy in patients and regression analyses relating gray matter atrophy to behavioral performance for natural kinds and manufactured objects. (a) Areas of signifi-
cantly reduced graymatter density in patients relative to healthy controls. (b) Regression analyses relating graymatter density to behavioral performance for the four experimental con-
ditions in patients. Areas activated by healthy adults during the corresponding judgments of manufactured objects or natural kinds (from Fig. 1) are outlined in white.
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between fMRI activation in healthy adults and the area of GM disease in
TOC in patients that is related to their accuracy judging the shape of nat-
ural kinds. It was judgments of shapes of natural kinds that were the
most difficult for patients. While we cannot rule out entirely that pa-
tients' deficit is related in part to poor visual imagery, the relative effect
for type of feature makes this argument less likely since we would oth-
erwise have observed equal difficulty with shape and color attributes.

These findings appear to be consistent with the sensory-motor ap-
proach to the representation of object concepts,where visual–perceptual
feature knowledge for objects is represented near visual association cor-
tex where shape and color are processed. TOC is diseased in patients,
they may have difficulty with judgments of the perceptual features of
natural kinds in part because they are attempting to use the same TOC
area that is activated by healthy controls to judge natural kinds. More-
over, patients' greater difficulty with natural kinds has been related to
the claim that natural kinds dependmore heavily on shape and color fea-
tures than domanufactured objects (Saffran et al., 1994). Thus, disease in
TOC that degrades visual–perceptual knowledgemay disproportionately
compromise natural object concepts in AD.

Another observation consistent with the sensory-motor approach
concerns other brain regions that appear to support decisions about
manufactured objects. The BOLD fMRI study in healthy adults demon-
strated relatively greater activation in two additional regions during de-
cisions about manufactured objects compared to natural kinds. One
region with greater recruitment during the fMRI BOLD study—an area
in premotor cortex—may be related to actions represented in or near
the hand portion of the motor system that is associated with use of
manufactured objects (Hauk et al., 2004), and thus may be involved in
representing action information about manufactured objects (although
see an alternate account for activation of this area below). Patients
with amyotrophic lateral sclerosis—a progressive disorder of the motor
system—have disease in this same area that appears to be associated
with their degraded action knowledge (Grossman et al., 2008). This
area does not appear to have significant GM atrophy in the patients par-
ticipating in the present study, and the fact that this area was relatively
intact may have helped support patients' knowledge of manufactured
objects.
Findings for a second region—the lateral temporal lobe—alsomay be
consistent with the sensory-motor approach. This area may be related
in part to the representation of visual-motion features associated
more prominently with manufactured objects than natural kinds
(Chao and Martin, 2000). This area showed some atrophy in patients
but did not appear to be associated with manufactured objects. Other
regions emerged in the regression analysis, even though the fMRI
study of healthy adults did not implicate them, and we cannot rule
out the possible contribution of these areas to patients' relatively suc-
cessful performance with manufactured objects.

Challenges to the sensory-motor approach: category-specific semantic
memory deficit in patients

Other findings in the present study argue against strong claims that
disease in TOC can fully explain the pattern of semantic memory diffi-
culty in patients. Specifically, we found that the association between vi-
sual–perceptual features in object knowledge and TOC in patients
depends in part on the semantic category. While regression analyses
in patients related judgments of color and shape features of natural
kinds to TOC, regression analyses showed that shape and color features
of manufactured objects have a minimal relationship to TOC. Yet, the
fMRI BOLD study of healthy adults using the identical materials activat-
ed TOC fairly equally for both categories.

How can we account for this discrepancy, where patients' perfor-
mance is less affected by disease in TOC during their judgments of
manufactured objects even though this area is recruited by healthy sub-
jects? One speculation is related to differences in the way in which fea-
tures from natural and manufactured categories may be represented in
TOC. Theremay be biological constraints on shape and color features as-
sociatedwith natural kinds that limit the variabilitywithwhich features
of these objects may be represented (Caramazza and Shelton, 1998),
while the features of manufactured artifacts may be comparatively
less constrained. Likewise, distributed models of semantic memory
posit greater sharing and redundancy of visual–perceptual features for
natural than manufactured objects (Devlin et al., 1998; Gonnerman
et al., 1997; Koenig et al., 2010; Rogers, 2004). While we do not believe
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Table 4
Regression analyses relating behavioral performance to gray matter atrophy in patients.

Region # voxels Coordinates Z score

x y z

Natural kinds—shape
L middle temporal gyrus (21) 283,701 −70 −7 −4 4.22
L uncus (20) −29 −15 −35 4.26
L uncus (28) −31 8 −25 4.06
L precentral gyrus (40) −47 −5 20 4.21
L medial frontal gyrus (6) −14 −6 61 3.89
L cingulate gyrus (31) −12 −50 27 3.87
L cingulate gyrus (23) −15 −51 22 3.91
R middle temporal gyrus (39) 28 −69 23 3.78
R postcentral gyrus (2) 50 −20 28 4.35
R precentral gyrus (4) 43 −4 17 4.18
R inferior frontal gyrus (44) 38 −5 33 3.86
R fusiform gyrus (20) 4347 62 −54 −26 3.32

Natural kinds—color
R inferior frontal gyrus (45) 382,665 35 23 14 4.98

R medial frontal gyrus (9) 7 39 31 4.35
R insula 29 28 13 4.29
R superior frontal gyrus (11) 20 45 −14 4.24
L superior frontal gyrus (11) −19 51 −24 4.81
L inferior frontal gyrus (44) −38 19 15 4.63
L precentral gyrus (6) −54 5 10 4.24
L cingulate gyrus (24) −14 34 13 4.73
L parahippocampal gyrus (36) −33 −20 −29 4.56
L postcentral gyrus (40) −59 −17 19 4.26
L postcentral gyrus (2) −59 −19 25 4.14

R superior parietal lobule (7) 12,190 31 −63 51 3.59
R superior parietal lobule (7) 35 −59 53 3.49
R superior parietal lobule (19) 33 −77 28 3.41

R occipital lobe (18) 1279 30 −72 −3 3.32
R supramarginal gyrus (40) 769 49 −43 33 3.23

Manufactured objects—shape
R inferior frontal gyrus (44) 103,938 39 14 20 4.37

R inferior frontal gyrus (44) 29 7 28 3.66
R precentral gyrus (4) 44 −2 17 3.99
L medial frontal gyrus (6) −14 −6 61 4.05
L cingulate gyrus (32) −19 41 −1 3.76
L cingulate gyrus (24) −13 4 32 3.43
L cingulate gyrus (24) −12 1 29 3.43
L cingulate gyrus (33) −14 20 25 3.42
L cingulate gyrus (24) −26 6 39 3.41
R inferior parietal lobule (40) 39 −60 47 3.49
R inferior parietal lobule (40) 26 −60 38 3.46

L precuneus (31) 2721 −26 −54 37 3.57

Manufactured objects—color
L inferior temporal gyrus (20) 41,397 −54 −9 −26 3.94

L inferior temporal gyrus (20) −47 −19 −37 3.79
L inferior temporal gyrus (20) −55 −12 −33 3.71
L middle temporal gyrus (21) −59 −47 −13 3.31
L superior temporal gyrus (38) −45 9 −9 3.23
L postcentral gyrus (40) −56 −15 18 3.40
L insula −32 −28 16 3.29

R cingulate gyrus (29) 21,148 5 −37 11 3.61
R cingulate gyrus (24) 5 25 −5 3.47
L cingulate gyrus (32) −5 21 −9 3.50
L thalamus −2 −2 8 3.31

L superior frontal gyrus (11) 1603 −18 51 −20 3.28

Fig. 3. White matter tractography in healthy adults and patients. Regions of interest
(orange) were formed in left temporal–occipital cortex and prefrontal cortex based
on fMRI results of healthy adults (Fig. 1) showing common activations during judg-
ments of manufactured objects or natural kinds. Streamline tractography between
these regions is shown in light blue. RGB diffusion tensor imaging background shows
water diffusion in tracts coursing in left–right (red), anterior–posterior (green), and
superior–inferior (blue) orientations.
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that features of object concepts are equally distributed across the entire
cortical mantle, this category-specific distinction may be reflected in
differences in the way in which features of these object categories are
represented locally within TOC, where greater redundancy may result
in a less flexible neuroanatomic representation. From these perspec-
tives, it is possible that color and shape features of natural kinds are rel-
atively fixed and stable in their representations within TOC, and thus
may be more susceptible to degradation if disease is present in these
critical areas. By comparison, limited biological constraints and reduced
redundancy for color and shape features of manufactured artifacts may
result inmore variable and distributed representations of features asso-
ciatedwithmanufactured objects within TOC and possibly extending to
other sensory-motor association cortices. Disease in TOC thus may be
less likely to compromise judgments of manufactured objects.

A second challenge to the sensory-motor account: non-sensory-motor
regions and semantic memory judgments

A second finding in the present study also weakens strong claims
about the sensory-motor approach to semantic memory: Assessments
of object knowledge appear to involve brain regions such as PFC that
are not easily related to sensory and motor features (Koenig and
Grossman, 2007; Patterson et al., 2007; Thompson-Schill, 2003). Consid-
erable work has associated PFC activation with the selection of visual–
perceptual features during evaluations of object meaning in semantic
memory (Koenig and Grossman, 2007; Thompson-Schill, 2003; Wagner
et al., 2001). PFC also is implicated in semantic memory in a large
meta-analysis of well-conducted fMRI studies (Binder et al., 2009),
even though PFC is not directly involved in the representation of
sensory-motor features. In a passive reading study assessing words
that name shapes and colors, Pulvermuller and his co-workers observed
activation of PFC only for shapewords, and this was attributed to the rel-
ative motor component associated with outlining a shape with hands or
eyes that is not available for colors (Pulvermuller andHauk, 2006). How-
ever, this hypothesis would not explain the observation in this study and
elsewhere that PFC is recruited in fMRI studies for both natural and
manufactured objects, nor the finding of relatively greater activation
for manufactured artifacts in an anatomically inaccurate area—in this
study, for example, in an inferior frontal distribution that does not corre-
spondwell to the hand area (Bedny et al., 2008). Our view is that PFC is a
region of heteromodal association cortex that has reciprocal projections
with multiple modality-specific sensory and motor association cortices
(Pandya and Yeterian, 1985, 1996; Petrides and Pandya, 1999); and
based on the connectivity pattern of this region, PFC may play a role in
the top–down organization and selection of features in object knowl-
edge. A direct comparison of natural and manufactured objects revealed
greater PFC activation for manufactured objects. From this perspective,
PFC activation may be due in part to the greater variability of shape
and color features of manufactured artifacts and thus increased effort re-
quired for their selection, while features of natural kinds may be more
stable and thus may require less effort for selection.
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In the present study, evidence relating the PFC region to semantic
memory in patients comes from the findings that accuracy judging
both color and shape of natural kinds was related to cortical atrophy
in PFC. Notably, the same area overlapped with the fMRI activations
seen for judgments of these same features of natural kinds in healthy
controls. Since patients appear to depend on PFC during judgments of
natural kinds, disease in this area likely contributes to their deficit
when making judgments about natural kinds.

While we found a robust relationship between PFC atrophy and
judgments of natural kinds in patients, regression analyses in patients
provided only minimal support for a relation between PFC and judg-
ments of manufactured objects. The observation of patients' minimal
dependence on a diseased brain area that is recruited to perform the
identical task in healthy controlsmay explain in partwhymanufactured
objects are relatively preserved in AD. The category-specific effect for
PFC also suggests that involvement of this area cannot be attributed to
non-specific resource demands during performance of this simple
task. Likewise, we do not believe that non-specific difficulty with
manufactured objects can entirely account for our findings. While raw
judgments of manufactured objects were worse than natural kinds for
controls and patients alike, the relative deficit for natural kinds was ev-
ident to a statistically significant extent even after differences between
natural and manufactured categories in controls were factored into the
category-specific comparisons in patients. There may have been some-
what more extensive recruitment for manufactured than natural ob-
jects in the fMRI study, but direct comparisons of fMRI recruitment
patterns revealed that each category was associated with its own
areas of significantly greater activation. Thus, we foundmore activation
for manufactured objects in a mid-lateral temporal–occipital distribu-
tion and in inferior frontal cortex, possibly related to themotion and ac-
tion features, respectively, that are associated with manufactured
objects much more than natural kinds. Conversely, we found greater
fMRI recruitment for natural kinds thanmanufactured objects in the an-
gular gyrus, the area most frequently activated in studies of semantic
memory (Binder et al., 2009). Findings such as this suggest that the
absolute extent of recruited regions is unlikely to explain fully the
category-specific observations in our study, and that the specific
anatomic distribution of recruited regions also contributes to the
category-specific effects we found.

While our findings are consistent with amodel of semantic memory
that includes heteromodal regions like PFC, our observations are less
consistent with specific involvement of the anterior temporal lobe as a
critical component in a network of brain regions supporting semantic
memory (Patterson et al., 2007). We did not observe activation of the
anterior temporal lobe during the fMRI study, for example, although
this negative finding must be interpreted cautiously because of suscep-
tibility artifact in anterior and ventral temporal regions (Visser et al.,
2010). Regression analyses in patients implicated the anterior temporal
lobe to some extent in their difficulties judging natural and
manufactured objects, but these regressions did not overlap with fMRI
activations and thus are difficult to interpret. Additional work using
these materials is needed to assess patients with semantic dementia
who have anterior temporal disease.

Connectivity within the large-scale neural network for semantic memory

In our fMRI study, we demonstrated not only a role for TOC and PFC,
but additional observations were consistent with the possibility that
these two regions work together in considering word meaning. Thus,
we found two WM projections between activated regions in PFC and
TOC that connect these areas. There was a dorsal WM tract involving
the superior longitudinal fasciculus and the arcuate fasciculus, and a
ventral WM tract involving the inferior frontal–occipital fasciculus.
According to one account focusing on the auditory system, the dorsal
stream is important for auditory-motor integration, while the ventral
stream plays a crucial role in mapping sound to meaning (Hickok and
Poeppel, 2004, 2007). A linguistically-motivated hypothesis focuses on
the role of the dorsal stream in long-distance syntactic dependencies,
and the contribution of the ventral stream to lexical representations
(Friederici, 2011). In AD, previouswork has indicated that there are def-
icits in visual processing associated with both the ventral stream and
the dorsal stream (Kirby et al., 2010). However, deficits associated
with impairment of the ventral stream appear to occur earlier (Binetti
et al., 1998) and more commonly (Mendola et al., 1995) than those
associatedwith dorsal stream functions. Greater impairment in the ven-
tral stream in AD also appears to be consistent with more severe imag-
ery deficits (van Rhijn et al., 2004) and greater AD pathology (Arnold
et al., 1991) than found in dorsal stream regions of the visual system.

We examined the integrity of dorsal and ventral WM projections
connecting TOC and PFC in patients. The same supra-Sylvian WM pro-
jection through the superior longitudinal fasciculus and arcuate fascicu-
lus that was implicated in controls' judgments appears to be relatively
intact in patients. However, the ventral projection between PFC and
TOC appears to be compromised. This would be consistent with previ-
ous work showing greater impairment associated with the ventral
stream than the dorsal stream in AD. If this compromised ventral WM
tract plays a relatively crucial role in the semantic content of lexical rep-
resentations, its degradation in the patients we studied may contribute
to their deficits in semantic memory.

Regression analyses relating behavior to WM tractography also re-
vealed evidence consistent with a greater deficit for natural kinds in pa-
tients. Specifically, FA in the superior longitudinal fasciculus and the
arcuate fasciculus projecting between PFC and TOC correlated with pa-
tients' judgments of natural kinds. Thus, paralleling the analysis of GM
atrophy, it appears that the same dorsal WM projection found in
healthy controls was implicated in patients' judgments of natural
kinds. By comparison, the dorsal stream did not correlate with patients'
judgments of manufactured objects. Paralleling our analysis of GM re-
gressions, it is possible to speculate that other projections may be
supporting their semantic judgments of manufactured objects, and
therefore their performance may be better with manufactured objects
thanwith natural kinds. Regardless of the specific explanation, ourfind-
ings suggest that patients' judgments of natural kinds may be
compromised in part by their dependence on a particular WM projec-
tion in the PFC–TOC network, despite the presence of AD-related pa-
thology. Additional work is needed to identify the specific network
supporting AD patients' judgments of manufactured objects.

Conclusion

Our observations suggest that a large-scale neural network involv-
ing multiple GM areas as well as WM projections between these areas
contributes to semantic memory. Some of our findings are consistent
with sensory-motor approaches to semantic memory (Barsalou, 2008;
Martin, 2007). fMRI studies of healthy adults thus showed activation
of TOC during judgments of word pairs for feature knowledge. Howev-
er, several of our findings are less consistent with strong versions of
sensory-motor approaches to semantic memory. First, we found a
category-specific deficit in patients. Even though regression analyses
showed that patients appear to rely to some extent on the same
modality-specific region in TOC as is activated in healthy controls, judg-
ments of visual–perceptual features of natural kinds were relatively
more dependent on disease in this area than their judgments of
manufactured objects. Thismay be due in part to the greater vulnerabil-
ity of features of natural kinds represented in TOC than features of
manufactured objects. Second, disease in PFC appeared to be related
to object judgment difficulty, even though PFC is not thought to be in-
volved in the representation ofmodality-specific sensory-motor knowl-
edge. PFC instead may contribute to the top–down selection and
organization of features for object concepts. Third, differences emerged
in patients' WM projections between PFC and TOC, and these differ-
ences appeared to be modulated by the semantic category as well.
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Thus, examination of both GM and WM components of this large-scale
neural network for semantic memory showed that the same network is
implicated for natural kinds in patients as is found in healthy adults,
even though this network is diseased in patients. By comparison, pa-
tients appeared to be less dependent on the same GM–WM network
as healthy controls in their judgments of manufactured objects.
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