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Abstract

Lesion-deficit studies support the hypothesis that the left anterior temporal lobe (ATL) plays a
critical role in retrieving names of concrete entities. They further suggest that different regions of
the left ATL process different conceptual categories. Here we test the specificity of these
relationships and whether the anatomical segregation is related to the underlying organization of
white matter connections. We reanalyzed data from a previous lesion study of naming and
recognition across five categories of concrete entities. In voxelwise logistic regressions of lesion-
deficit associations, we formally incorporated measures of disconnection of long-range association
fiber tracts (FTs) and covaried for recognition and non-category specific naming deficits. We also
performed fiber tractwise analyses to assess whether damage to specific FTs was preferentially
associated with category-selective naming deficits. Damage to the basolateral ATL was associated
with naming deficits for both unique (famous faces) and non-unique entities, whereas the damage
to the temporal pole was associated with naming deficits for unique entities only. This segregation

Correspondence should be addressed to Thomas Grabowski, Box 357115, 1959 NE Pacific St., Seattle, WA 98195. tgrabow@uw.edu.

Ielephone: 1-206-685-0457.

These authors contributed equally to this work.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mehta et al. Page 2

pattern remained after accounting for comorbid recognition deficits or naming deficits in other
categories. The tractwise analyses showed that damage to the uncinate fasciculus was associated
with naming impairments for unique entities, while damage to the inferior longitudinal fasciculus
was associated with naming impairments for non-unique entities. Covarying for FT transection in
voxelwise analyses rendered the cortical association for unique entities more focal. These results
are consistent with the partial segregation of brain system support for name retrieval of unique and
non-unique entities at both the level of cortical components and underlying white matter fiber
bundles. Our study reconciles theoretic accounts of the functional organization of the left ATL by
revealing both category-related processing and semantic hub sectors.
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naming; object recognition; anterior temporal cortex; fiber tract disconnection; lesiondeficit
relationship; lexical retrieval

1. Introduction

A growing body of literature supports the hypothesis that the anterior temporal lobes (ATLS)
play a critical role in the retrieval of semantic knowledge. Accessing semantic knowledge
entails activating meaning-based mental representations of entities (e.g. 'rabbit’) that are
abstracted from specific autobiographical experiences (Tulving, 1972).

Evidence that the ATLs are critical for accessing semantic knowledge has come primarily
from two lines of inquiry: 1) lesion-deficit association studies of patients with stable
circumscribed brain damage (Damasio et al, 1996, 2004; Drane et al 2008, 2013) and 2)
analysis and computational modeling of cognitive impairments associated with semantic
dementia (Hodges et al., 1992; Lambon Ralph et al., 2001; Rogers et al., 2004, 2006;
Patterson et al., 2007). While both lines of research document a systematic relationship
between ATL damage and semantic retrieval impairments, they have reached different
conclusions regarding the functional organization of the ATLs with respect to semantic
processing. Lesion studies have supported the hypothesis that partially segregated systems
within the ATLs support access to different types of semantic knowledge, with the left ATL
specifically supporting access to verbal stores. By contrast, computational models designed
to explain semantic dementia symptoms have supported the hypothesis that the ATLs
function as an integrated semantic system. Central to these differing interpretations are two
longstanding topics of debate in neuropsychology: the organization of the brain in integrated
versus modality-specific, and/or category-related semantic knowledge store(s); and the
interfacing of language with conceptual knowledge.

Lesion-deficit reports have emphasized that semantic deficits can be selective in nature, and
that the selectivity is related to the topography of brain damage within and beyond the
ATLs. In their original and subsequent studies, Damasio and colleagues investigated the
neural correlates of selective deficits by separately operationalizing and assessing
recognition and naming performance for several categories of concrete entities in a large
group of lesion participants (Damasio et al., 1996, 2004; Tranel et al., 1997). The results
revealed a systematic relationship between the anatomic location of brain damage and the
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presence of impairments pertaining to specific conceptual categories of knowledge [e.g.
unique (‘Judy Garland") vs. non-unique (‘rabbit’)]. Moreover, the pattern of findings
supported the hypothesis that the neural substrates of name retrieval are distinct from those
of concept retrieval (those that are sufficient for recognition but not naming), and that there
is partial functional segregation of different sectors of the left ATL in supporting the
retrieval of names from different semantic categories (Damasio et al., 1996, 2004). These
results also highlighted the partial dissociation of the left temporal pole (LTP) and left
inferotemporal cortex in the retrieval of names of unique entities (foremost famous persons)
and non-unique entities, respectively, as well as the roles of the right temporal pole and
posterior association regions in the recognition of unique versus non-unique entities
(Damasio et al., 1996, 2004; Tranel et al., 1997, 2008).

Damasio (1989) proposed that an architecture based on convergent (and reciprocally
divergent) structural connectivity could explain the observed anatomical dissociations of
semantic retrieval deficits in the brain (Damasio et al., 1996; 2004). According to this
framework, conceptual knowledge is grounded in the binding pattern of multimodal
“images” that are represented in early sensory and motor cortices. These cortices project
onto higher-order association regions functioning as convergence-divergence systems that
implement the binding pattern and provide feedback modulating the activity of sensory and
motor cortices (Damasio, 1989; Mesulam, 2001). This arrangement, which is in part
hierarchical, and involves bidirectional information flow, provides a functional architecture
to support semantic knowledge as follows. 1) Cortical areas that process information about
sensorimotor, interoceptive and/or emotional attributes support images that are the
phenomenological primitives for the development of conceptual knowledge. 2)
Sensorimotor neural patterns encoded in these areas successively converge on higher-order
regions that integrate and abstract information as the basis for semantic representations of
entities. 3) These latent representations may be retrieved through reactivation of bound
patterns in early sensorimotor regions using the same hierarchy of convergence-divergence
regions. 4) Category-related functional segregation effects emerge due to differences in the
sensorimotor modalities and contingencies associated with different conceptual
representations of entities (Warrington & Shallice, 1984; Warrington & McCarthy, 1987;
Farah & McClelland, 1991). These requirements dictate the cortical location of the
corresponding convergence-divergence regions. 5) Lexical retrieval is supported by regions
that mediate the link between conceptual and word-form knowledge. As such, category-
related anatomic effects propagate to convergence-divergence regions supporting retrieval of
entity names, which are organized anatomically to link the convergence-divergence regions
supporting their recognition and left perisylvian convergence-divergence regions supporting
access to phonology and production.

An alternative account of the functional organization of semantic processing in the brain has
come from research on semantic dementia (SD), a disease characterized by progressive
atrophy of the ATLs. Studies of SD have emphasized the longitudinal correlation between
ATL atrophy and domain-general semantic knowledge impairments. Unlike patients with
stable focal lesions, SD patients have semantic retrieval impairments that may not be
specific to any category and can manifest at both lexical and conceptual levels of processing.
The symptoms of SD have been used to support explanatory computational models in which
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the left and right ATLs correspond to a “unitary” semantic hub (Rogers et al., 2004).
According to this view, lexical information is on par with other modalities of information
(e.g. visual) that comprise semantic representations of entities.

The pattern of ATL atrophy in SD has typically been characterized as anatomically
undifferentiated, limiting inferences about the finer functional organization of the ATLs.
While atrophy in SD eventually affects both ATLs entirely, it is characteristically right-left
asymmetric in early stages of the disease, and sometimes markedly so. In some cases of left-
predominant polar atrophy, the initial symptom is anomia (Graham et al., 1995; Czarnecki et
al., 2008), which reflects a pure failure to activate phonology, then a bi-directional inability
to link word-form and meaning appears, and finally a frank nonverbal semantic loss
develops as atrophy becomes more extensive and bilateral. In other cases of right-
predominant atrophy, a selective failure to recognize faces of persons has been documented
(Simons et al., 2001; Snowden et al., 2012). These SD findings provide some evidence for
modality-specific anatomic segregation of function in agreement with the aforementioned
lesion work. The phenomena of SD thus provide incomplete support for a “unitary” system
if that notion is taken in the strongest sense to mean a distributed semantic store
encompassing all conceptual categories, levels of specificity, and verbal or nonverbal
modalities.

Over the years, other experimental approaches, including PET, fMRI, MEG, repetitive
transcranial magnetic stimulation, and intraoperative cortical and fiber tract stimulation have
emerged and been used to investigate the neural support for semantic knowledge (cf. Wong
and Gallete, 2012). While these approaches provide support for a role for the ATLs in
semantic retrieval (but see Visser et al., 2010), they have not been able to adjudicate
between the differing accounts of this role. Conclusions have varied as to whether the ATLs
act in concert in a unitary semantic system (Bright et al., 2004; Rogers et al., 2006; Lambon
Ralph et al., 2009), whether lexical aspects are left lateralized (Mummery et al., 1999;
Grabowski et al., 2001; Noppeney and Price, 2002; Thompson-Schill, 2003; Spitsyna et al.,
2006), or whether distinct subregions within the ATLs support different types of semantic
knowledge (Binney et al., 2010; Damasio et al., 1996; Devlin et al., 2002; Grabowski et al.,
2001; Simmons et al., 2010; Skipper et al., 2011). Nevertheless this work has complemented
neuropsychological studies by situating the left ATL in the context of a larger dynamic
system involved in semantic processing. While lesion-deficit studies focus on identifying
critical regions whose damage impairs the normal semantic process, functional imaging
studies identify the extended functional network(s). Results from these studies have shown
that occipito-temporal, frontal, and parietal regions (outside the classical language areas) are
also recruited during semantic processing (cf. Binder et al., 2009). Studies using EEG and
MEG have identified the timing of ATL involvement within the network, revealing recurrent
interactions between the left ATL, a putative integrative hub, and more posterior regions
involved in perceptual processes (Clarke et al., 2011; van Ackeren MJ and Rueschemeyer
SA; Clarke et al., 2014). It is also informative that stimulation of long-range fiber tracts
connecting the ATL and posterior and frontal regions has been shown to disrupt semantic
knowledge retrieval (Shinoura et al., 2010; Papagno et al., 2011; Von der Heide, 2013).
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Recent cytoarchitectonic and functional connectivity studies provide a functional anatomic
basis for reconciling unitary and modality-related views of left ATL support of semantic
knowledge retrieval (Ding et al., 2009; Fan et al., 2014 Binney et al., 2012; Pascual et al.,
2013) by showing how both are plausible and likely. These studies reveal that the left ATL
is comprised of a mosaic of cortical sectors with distinct histological and connectivity
profiles. There are several architecturally distinct subregions within the temporal pole in
addition to area TG (corresponding to classical Brodmann area 38; Von Economo, 1929).
These areas extend outside the temporal pole proper, and include anterolaterally situated
areas at the apex of the ventral visual stream (TE), superiorly situated high-order auditory
and polymodal association areas (TAr, TAp), inferomedially situated olfactory/insular
regions (TI), and the rostral extension of entorhinal cortex and other medial temporal
regions (areas 35 and 36) (Ding et al., 2009). Since the ATL appears segregated according to
patterns of anatomical connectivity, and such patterns within cortical sectors are thought to
contribute critically to their functional specialization (Passingham et al., 2002; Kndsche and
Tittgemeyer, 2011), we can surmise that the different subregions within the ATL support
different aspects of semantic knowledge retrieval. Of relevance are two patterns of
connectivity that distinguish between ATL subregions. The first is found in the rostral ATL
including the temporal pole, and consists of long-range association fiber tract terminations
(Catani et al., 2003; Kier et al., 2004; Martino et al., 2010; Martino et al., 2011; Axer et al.,
2013). Two relevant tracts are the inferior longitudinal fasciculus, with connections to
posterior occipito-temporal visual association cortices; and the uncinate fasciculus, with
connections to orbital and polar frontal cortices (Shinoura et al., 2010; Martino et al., 2011,
Dick and Tremblay, 2012; VVon der Heide, 2013; Lam et al., 2014). Both tracts have been
implicated in name retrieval, with some evidence for their differential involvement
depending on conceptual category and/or level of specificity (Shinoura et al., 2010; Papagno
etal., 2011; Von der Heide, 2013). ATL subdivisions targeted by the inferior longitudinal
fasciculus and the uncinate fasciculus can reasonably be hypothesized to support semantic
access in which visual perceptual properties and social/emotional properties, respectively,
are key constituents. The second pattern of connectivity is found in a basolateral temporal
region, caudal to the temporal pole, where connections are predominantly intra- versus
extra-temporal (Binney et al., 2012). This second-order pattern of connectivity (i.e.
interconnection of regions that have different profiles of connections to modal association
regions) is compatible with a function of transmodal integration to support general semantic
knowledge access (Binney et al., 2012).

The above anatomical and theoretical considerations led us to an overarching hypothesis that
connectivity plays a critical role in the functional organization of the left ATL with respect
to semantic knowledge retrieval. In other words, certain cortical sectors and association fiber
tracts are inter-related components of large-scale systems supporting semantic retrieval and
jointly critical for normal performance. Thus we hypothesized that damage to rostral ATL
sectors would be associated with category-selective naming impairments and damage to the
left basolateral ATL would be associated with category-general naming impairments. We
also hypothesized that there would be parallel associations between category-selective
naming deficits and damage to specific long-range association fiber tracts with terminations
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in the left ATL, consistent with the nature of the information they carry, e.g. visual
perceptual versus emotional.

To test these hypotheses, we reanalyzed the data from a previous lesion study of the neural
basis for naming versus recognition deficits across five conceptual categories (Damasio et
al., 2004). We leveraged interim advances in fiber tract anatomy and extended lesion
methods developed to provide an analysis framework to formally address the functional
specificity of damage to cortical regions, and/or white matter fiber tracts (Rudrauf et al.,
2008b; Thiebaut de Schotten et al., 2008; Philippi et al., 2009; Galantucci et al., 2011;
Turken and Dronkers, 2011; Han et al., 2013).

2. Materials and methods

2.1. Dataset

We reanalyzed the data from the Damasio 2004 study. The participants, materials, and
methods (e.g., experimental protocol, MRI acquisition, lesion delineation) were described
extensively in that previous publication (Damasio et al., 2004) and are briefly summarized
below.

2.1.1. Participants—Data came from 129 participants with unilateral circumscribed,
stable brain lesions; those same participants were described in Rudrauf et al. (2008a).
Participants were selected from the Patient Registry of the University of lowa's Division of
Behavioral Neurology and Cognitive Neuroscience, and had given informed consent in
accordance with University and Federal requirements. Patients with unilateral circumscribed
lesions were included regardless of their lesion location. (See Fig. 1 for lesion coverage).
Thus the study included patients with lesions restricted to left ATL as well as patients with
lesions outside the left ATL or lesions extending beyond the left ATL boundary. The lesions
were caused by stroke, herpes simplex encephalitis, focal intracerebral hemorrhage due to
head trauma, or surgical resection (predominantly anterior temporal lobectomy for epilepsy).
All the lobectomy cases had documented left hemisphere language dominance. All head
trauma subjects had frank, solitary, intraparenchymal hematomas after head trauma,
necessitating surgical resections, and were included on the basis of these focal resections
(visible as a CSF cavity on the scan in the chronic epoch). Each of these subjects was
reviewed with reference to the medical information, and it was determined that their clinical
data and deficit profiles were not consistent with more global brain damage. See
Supplementary Table S1 for more details.

All participants had normal intelligence (as measured by the WAIS-R or WAIS-I1I) and an
average of 12 years of formal education. No participant had difficulty attending to and
perceiving visual stimuli. While some participants in the sample were recovered aphasics,
none had residual aphasia of such severity so as to preclude the production of scorable
responses. We did not explicitly exclude participants on the basis of heuropsychological
tests of language function. All participants were characterized neuropsychologically and
neuroanatomically in the chronic epoch (at least three months post onset of lesion),
according to the standard protocols of the Benton Neuropsychology Laboratory (Tranel,
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2009 and the Laboratory of Human Neuroanatomy and Neuroimaging (Damasio and
Damasio, 1989; Damasio, 1995; Frank et al., 1997).

2.1.2. Stimuli and data acquisition procedure—The stimuli used for the naming and
recognition tests were pictures of both unique and nonunique concrete entities corresponding
to five different conceptual categories: (1) famous faces (h=133; hereafter Faces), (2)
animals (n=90), (3) tools and utensils (n=104; hereafter Tools), (4) fruits and vegetables
(n=67), and (5) musical instruments (n=16).

Naming and recognition performance was assessed by serially presenting participants with
visual stimuli and asking them to name the entities. If participants could not produce the
name of an entity, they were asked to describe it. The entity was considered as ‘correctly
named’ when participants produced the expected name, and as ‘correctly recognized’ if
participants either produced the expected name, or when two independent raters were able to
identify the specific entity from the transcribed verbal descriptions provided by the
participants (if unable to produce the name). If the entity could not be identified from the
description by both raters, it was scored as incorrectly recognized and not used in calculating
the naming scores. Thus we operationalized separate criteria for assessing naming and
recognition performance.

We calculated recognition and naming scores for each category of concrete entities, for each
participant. Recognition scores were computed as the percentage of correctly recognized
items based on the total number of presented items. By contrast, the naming scores were
computed as the percentage of correctly named items based on the number of correctly
recognized items. As in our previous studies (Damasio et al., 2004; Rudrauf et al., 2008a),
participants were only included in the naming analysis for a given category if they were able
to recognize at least 50% of entities in that category. We used this minimum criterion of at
least 50% successfully recognized items to ensure a sufficient number of items on which to
assess naming performance. Normal performance was defined by naming and recognition
scores of 55 healthy normal individuals, demographically matched to the brain-damaged
participants on age, education and gender.

We treated the recognition and naming data dichotomously. Such measures are
appropriately treated dichotomously when the hypothesis is that a region is critical i.e.
necessary for normal function, as evidenced by the association of local damage with
abnormal functioning in the chronic epoch. In our previous study (Damasio et al., 2004), we
assessed the appropriateness of dichotomizing performance of our study sample. Analyses
revealed that naming and recognition scores were better fit with two Gaussian distributions
versus one, in particular if participants in the “gray zone” [1.5 — 2 standard deviations] were
excluded. (Refer to Damasio et al., 2004, pages 184 —186 for details.) The bimodal
distribution of performance among participants suggests distinct impaired and intact
subgroups. Thus we were led to classify a participant as having (a) no-deficit if the score
was within 1.5 standard deviations or above of the mean defined by a normal comparison
group, (b) deficit if the score was two or more standard deviations below the mean defined
by the comparison group, or (c) indeterminate and to be excluded from analysis if the scores
fell below between 1.5 and 2 standard deviations from the mean defined by the comparison
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group. These criteria resulted in the inclusion of different numbers of participants in the
analysis for each category for each task (see Table 1).

2.1.3. Neuroanatomical data, registration and lesion delineation—Brain lesions
were assessed using T1-weighted MRI scans obtained with a 1.5-T General Electric Signa
scanner with a 3D SPGR sequence yielding 1.5-1.7 mm contiguous coronal slices and
reconstructed in 3D with Brainvox. In participants with MRI contraindications, brain images
were acquired with computerized axial tomography (CT). Relatively few participants had
CT scans (14 out of 129). Of the 14 participants with CT scans, only seven had lesions in the
left hemisphere, of which only three included at least partial coverage (10 — 40%) of the left
ATL. Participants with CT scans were equally distributed within the deficit/no deficit
condition across all five categories (for both naming and recognition).

Lesion delineation and transfer onto a reference brain was performed interactively by an
expert anatomist (HD) using the MAP3 approach (Frank et al., 1997; Fiez et al., 2000;
Damasio et al., 2004). MAP3 has been used to generate lesion overlap maps across a variety
of cognitive domains (Tranel et al., 1997, 2001, 2003; Adolphs et al., 2000, 2002; Barrash et
al., 2000; Damasio et al., 2004).

2.2. Estimation of the likelihood of fiber tract disconnections

While the potential for damage to fibers of passage, notably long-range association tracts, in
causing language-related deficits has long been appreciated, methods to directly assess the
impact of fiber tract damage on cognition and behavior are a recent development and still
under refinement. In this study, we extended the standard voxelwise lesion-deficit approach
to incorporate measures of cerebral disconnection, building upon the framework introduced
and validated in Rudrauf et al. (2008b). The availability of a probabilistic tract atlas from
diffusion MRI made it possible to estimate the amount of damage to particular fiber tracts
for each lesion participant, and, perhaps more informatively, estimate whether or not a
particular tract was transected.

We used a freely available probabilistic fiber tract atlas developed by Johns Hopkins
University (http://Ibam.med.jhmi.edu/) to estimate the probability of tract damage by a
lesion. The atlas was probabilistic in that it was derived from diffusion MRI data from a
population of 20 normal participants (as of August 2011), with the tracts defined using
FACT (a deterministic fiber tracking algorithm) and normalized to the JHU-MNI-SS Atlas
template (Zhang et al., 2010). Image dimensions for the tract atlas were 181 x 217 x 181, 1
mm isotropic voxels. Given our hypotheses, we focused on the (eight) long-range
association fiber tracts available as part of the atlas: the Cingulum (hippocampal process)
(CGH), the Inferior Fronto-Occipital Fasciculus (IFOF), the Inferior Longitudinal Fasciculus
(ILF), the Uncinate Fasciculus (UNC), Cingulum cingulum (CGC), and three branches of
the Superior Longitudinal Fasciculus (aka arcuate fasciculus) connecting fronto-parietal
(SLF-FP), fronto-temporal (SLF-FT), and parietaltemporal (SLF-PT) cortices.

Using a combined volumetric and surface registration technique (Postelnicu et al., 2009), we
registered the T1-weighted template brain of the fiber tract atlas to our MAP3 reference
brain. This registration method has been shown to optimally align cortical and subcortical
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structures. We then applied the derived deformation fields to bring the eight long-range
association fiber tracts into register with MAP3 reference brain. The registration approach
preserved each tract as a single spatially contiguous cluster of voxels in the MAP3 space.

The spatially normalized fiber tracts were masked to the white matter of the reference brain
and thresholded at lower-bound fiber tract probability of 10 percent. Thresholding was
performed to exclude components where there was less than a 10 percent probability of the
presence of a tract among the subject population used to derive the atlas. This criterion
prevented inclusion of tract components idiosyncratic to a single subject when calculating
the disconnection measures.

To characterize fiber tract (FT) damage, we calculated two metrics of disconnection: 1) FT
damage defined as the proportion of damage to the tract, weighted by the voxelwise
probability values of the tract (similar to our approach in Philippi et al., 2009); and 2) FT
transection defined as a binary measure of transection (see below) weighted by the
computed FT damage. (See Fig. 2 for illustrations clarifying the two measures.) For both
measures, we exploit the idea that disconnection of critical tracts, in particular along the core
of the tracts, is likely to cause consistent deficits irrespective of the location of damage
along the tract (Rudrauf et al., 2008b).

For the first measure, that we designated “FT damage”, we calculated the number of tract
voxels encompassed by a lesion (weighted by the tract atlas probability values) divided by
the total number of tract voxels (weighted by the tract atlas probability values). We weighted
the tract damage by the atlas probability values to assign greater weight to the tract core. By
performing this weighting, the measure better indexed the likelihood of substantial
disconnection (versus damage per se) than if we had simply used the proportion of damage
to the tract.

For the second measure, that we designated “FT transection”, we exploited the fact that each
atlas tract comprised a single cluster of spatially contiguous voxels, and operationalized
transection with respect to segmentation of that cluster by the superimposed lesion. To
determine transection, we first skeletonized the tracts using a precise subvoxel
skeletonization method (van Uitert & Bitter, 2007). The skeletonization procedure
determined the center silhouette of the tract equidistant to its surface boundaries, thereby
allowing us to algorithmically identify the core of the tract. Using the identified tract core,
we then assessed whether a lesion severed connectivity along it. We were thus able to define
a tract as “transected” by a lesion if any one of the following criteria were met: (a) Mid-tract
case: The deletion of tract voxels coinciding with the lesion removed 1cm of the tract
skeleton and separated the fiber tract image into at least 2 segments of at least 100 voxels,
each including 10 voxels of the tract skeleton (b) Tract terminus case: the lesion included at
least 400 voxels along the boundary of the fiber tract and at least 25 voxels of the skeleton.

The FT transection metric was novel to this study and operationalized so that non-zero
values required complete severing of the tract by the lesion. In addition, the measure
enforced a binary distinction between cortical damage that encompasses the tract terminus
and substantive damage to the tract itself in an attempt to disentangle the effects of cortical
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and tract damage. We note that the criteria used to achieve these objectives reflect arbitrary
cut-off decisions, with optimal parameterization the subject of future work. We considered
the analyses with the FT transection metric to be secondary, following up the analyses with
the FT damage metric.

2.3. Analysis framework and logistic regression models

We performed a series of logistic regression analyses with three aims: (a) To identify
category-specific naming deficit associations with left ATL cortical subregions, covarying
for concurrent recognition deficits within the same category or naming deficits in other
categories, respectively. (b) To assess whether fiber tract damage of particular tracts was
associated with category-specific naming deficits. (c) To determine unique contribution of
cortical and fiber tract damage to naming deficits. The analysis approaches and the logistic
regression models are described below.

2.3.1. Lesion-deficit analysis approaches—We adapted both a generalized voxelwise
(Bates et al., 2003; Damasio et al., 2004; Rorden & Karnath, 2004; Rudrauf et al., 2008b)
and tractwise (Rudrauf et al., 2008b; Philippi et al., 2009) lesion-deficit analyses. We used
simple and multiple logistic regressions to model the relationships between a dichotomous
outcome variable (e.g., deficit or not) and one or more independent variable(s) (e.g. cortical/
fiber tract damage). Analyses were performed in Matlab (MathWorks, Inc., Natick, MA),
which invoked an R package (http://www.r-project.org) to perform the logistic regression
(Heinze and Schemper, 2002; Heinze and Ploner, 2004) using the Firth’s penalized
likelihood estimation (Firth, 1993).

2.3.2. Cortical-deficit associations within the left ATL (voxelwise analyses)—
Based on our hypotheses, we limited our voxelwise analyses to the left ATL cortex. As the
ATL is not defined by a clear set of anatomical boundaries and there is disagreement
regarding its posterior extent (Wong and Gallete, 2012), we defined the region for the
purpose of the current study, as encompassing the temporal pole and the anterior portions of
the superior, middle, inferior, and fusiform temporal, and parahippocampal gyri. The
anatomical delineation of the left ATL we used is shown in Fig. 3A.

To facilitate interpretation of the spatial distribution of results, we further restricted the
voxelwise analyses within the left ATL to areas delineated by the intersection of effective
coverage maps for naming in each of the five categories (see Fig. 3B). Effective coverage
maps (Rudrauf et al., 2008a) indicate where significant effects can be detected at a given
significance threshold, for the maximal lesion-deficit relationships permitted by the lesion
sample, and serve as a proxy for the statistical power afforded by the study sample. The
effective coverage maps, thresholded at p < 0.05, indicated the ability to detect effects in
most of the left ATL, with the exception of a small medial and lateral section, for all
categories. Hereafter, we refer to this restricted left ATL region, with the additional effective
coverage criteria, as the left ATL mask. For the naming analyses there were at least two
participants with deficits who had damage at each left ATL mask voxel. For voxelwise
analyses, we used false discovery rate (Benjamini & Hochberg, 1995) to correct for multiple
spatial comparisons (q < .05) within the left ATL mask. We considered some marginal
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effects when interpreting the spatial topography of category-related effects so as to balance
Type | and Type Il errors. Type |1 errors are of particular concern in lesion-deficit studies
due to their impact on the interpretation of specificity and to low and spatially
heterogeneous statistical power of lesion studies (see discussion in Rudrauf et al., 2008a).

We performed voxelwise logistic regression analyses with three models to examine the
relationship between cortical-damage and deficit: 1) the standard lesion-deficit analysis to
determine whether lesion damage (a dichotomized measure) predicted deficit (a
dichotomous measure), 2) the standard analysis augmented with a binary covariate
indicating recognition deficits within the same category (a dichotomous measure), and 3) the
standard analysis augmented with a covariate for deficit selectivity (a dichotomous measure
indicating whether or not there were also haming deficits in one or more other categories).
To aid in the interpretation of the second analysis (covarying for recognition), we also
performed a separate analysis of recognition deficits (across the full spectrum of recognition
deficits, including participants with less 50% recognition item success.)

2.3.3. Fiber tract damage-deficit associations (tractwise analyses)—We
performed tractwise analyses to examine the relationship between left FT damage and a
deficit. The purpose of the analysis was to assess whether deficits were predicted by any of
the four long-range association tracts with putative terminations in, or passage through, the
ATL (uncinate fasciculus, inferior longitudinal fasciculus, inferior fronto-occipital
fasciculus, cingulum), after covarying for other long-range FTs available as part of the atlas.
The three branches of the superior longitudinal fasciculus, considered part of the dorsal
language pathway but not terminating or passing through ATL were also available as part of
the atlas. Given their role in language production and phonological access these were
included in our model covariates of no interest. We were obliged to exclude Cingulum
cingulum (posterior cingulum tract) from our analyses due to insufficient lesion coverage.
These analyses were performed for the two fiber tract damage measures described above.
We assessed collinearity among the fiber tracts of interest to determine if there was
sufficient unique variance to allow detection of an effect. For the tracts of interest,
multicollinearity was not an issue (variance inflation factor [VIF] < 5 for FT damage
measure and < 2.5 for the FT transection measure). To correct for multiple tractwise
comparisons (among the four tracts of interest), we adjusted the p values using a Bonferroni
correction (p < 0.0125, corrected p < 0.05), for the tractwise results.

2.3.4. Separating cortical and fiber tract damage contributions (combined
analyses)—To determine unique contribution of cortical and fiber tract damage to naming
deficits, we performed two additional and complementary analyses: 1) voxelwise cortical
analysis covarying for concurrent tract damage, and 2) tractwise analysis covarying for
concurrent left ATL cortical damage (based on a continuous measure of the amount of left
ATL cortical damage). Analyses were performed using both FT disconnection measures as
described above. When the cortical ATL covariable was added to the regression model,
there was a high degree of multicollinearity for some of the tracts as well as the cortical
ATL covariable when the first disconnection measure (FT damage) was used to quantify
fiber tract damage. When the second disconnection measure (FT transection) was employed,
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multicollinearity was alleviated (generalized variance inflation factor (VIF) < 2.5) for the
covariates of interest.

2.3.5. Analysis of possible confounding effects of heterogeneous etiology—
Our study included participants with four lesion etiology types: surgical resection (primarily
for epilepsy, but also vascular malformations), stroke, encephalitis, and focal contusion from
head trauma. As these different etiologies have the potential to systematically affect the
neuroanatomical site of damage, lesion size, relative amount of damage to the cortex versus
fiber tracts, neuropsychological deficit profile, and possibility of recovery, we analyzed our
data within etiology sub groups to assess whether the results differed and were therefore
impacted by lesion etiology. Descriptions of these analyses and their result are included as
supplemental material.

3.1. Lesion coverage

Fig. 1. illustrates the lesion coverage for the cortex (top row) and the four long-range fiber
tracts of interest with terminal connections in the ATL (bottom four rows) (for Faces,
N=123). The coverage represents the number of participants with a lesion at each voxel in
the reference space. Due to the participant inclusion criteria, lesion coverage varied slightly
per category.

3.2. Cortical-deficit associations within the left ATL (voxelwise analyses)

The voxelwise analyses (without inclusion of covariates) provided a baseline for the left
cortical ATL damage association with each category of naming deficit. The FDR-corrected
results are displayed in Fig. 4. The results revealed a significant association between left
ATL cortical damage and naming deficits for Faces, Animals, Fruits & Vegetables, and
Musical Instruments (g = 0.05). There was also a trend for an association between naming
deficits for Tools and damage to the ATL (g = 0.10). Naming deficits in all five categories
were associated with damage to the basolateral ATL (posterior to the temporal pole). In
addition, naming deficits for Faces were associated with cortical damage to the temporal
pole. Thus cortical sectors were identified that appeared to be critical for a select category,
as well as common across categories.

To ascertain the specificity of these findings for naming, we performed voxelwise analyses
in which we covaried for recognition deficits in the same category. The FDR-corrected
results are displayed in upper panel of Fig. 5. Significant results (q = 0.05) were similar in
topography to those obtained in the baseline analyses (described above) for Faces, Animals,
and Musical Instruments. For Fruits & Vegetables, the extent of implicated cortex was
reduced (though still included the basolateral ATL) and only marginally significant (q =
0.10) (lower panel of Fig. 5). No association was observed between naming deficits for
Tools and damage to the ATL. Finally and importantly, no significant lesion-deficit
associations were observed for recognition deficits in the left ATL (for the separate analyses
of recognition).
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To ascertain category specificity of these effects, we performed additional voxelwise
analyses covarying for naming deficit selectivity (i.e. naming deficits in the other
categories). The FDR-corrected results are displayed in Fig. 6. There was a significant
association between naming deficits for Faces and damage to the left temporal pole (Fig. 6,
top row). By contrast, damage to more posterior regions (i.e. basolateral ATL) was not
specific to deficits for Faces, but was rather associated with naming deficits in one or more
of the other categories (Fig. 6, bottom row). There was no significant association between
naming deficits selective to any of the other categories and left ATL damage, with the
exception of Tools, for which a small sector in the posterior superior ATL was implicated
(results not shown).

3.3. Fiber tract damage-deficit associations (tractwise analyses)

Using the FT damage measure, specific tractwise analyses (covarying for damage to the
other tracts) showed significant associations between naming deficits and damage to long-
range association fiber tracts that terminate in the left ATL. The implicated tracts varied
depending on category, and there was a clear dissociation between the tracts associated with
naming deficits for unique entities (Faces) and those for non-unique entities. Damage to the
uncinate fasciculus was associated with impaired naming for Faces (2 =10.4; corrected p <
0.006), while damage to the inferior longitudinal fasciculus was associated with impaired
naming for Animals (2 = 6.4; corrected p < 0.05), Fruits & Vegetables (y2 = 11.6; corrected
p < 0.003), and Musical Instruments (2 =6.8; corrected p < 0.04). Damage to the inferior
longitudinal fasciculus was also associated with impaired naming for Tools, though the
results were only marginally significant (x2 = 5.2; corrected p < 0.09). No significant
relationship was observed between damage to any of the left hemisphere tracts of interest
and impaired recognition. Tractwise analysis results using the FT transection measure
replicated the above findings, though the association of naming deficits for Toolsand ILF
damage was also significant.

3.4. Separating cortical and fiber tract damage contributions (combined analyses)

In order to investigate the relative contributions of cortical and fiber tract damage associated
with naming deficits, we performed analyses in which we covaried for tract damage
(voxelwise analyses) or amount of left ATL damage (tractwise analysis). When using the FT
damage measure, no significant findings were observed for either the voxelwise or tractwise
analyses. Given the significant findings from the independent cortical and tractwise
analyses, these results are consistent with a high degree of collinearity between cortical
damage and the probability of fiber tract damage. Such collinearity of effects is expected to
the extent that cortical areas and fiber tracts are part of the same large-scale system.

In an attempt to overcome the collinearity of cortical and adjacent white matter damage, we
turned to the second, more stringent measure for fiber tract damage that explicitly
operationalized tract transection (as described in the Methods section). These analyses
revealed an association between impaired naming for Faces and damage to the temporopolar
cortex (beyond effects due tract damage). Compared to the baseline analysis results for
Faces (section 3.2), the cortex implicated was more restricted, no longer including the
superior aspect of the ATL, but still included a small sector in the anterior inferolateral
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temporal cortex. The voxelwise results also revealed an association between impaired
naming for Fruits and Vegetables and damage to a small area in the basolateral ATL as well
as an area in the superior temporal gyrus. (See Fig. 7.)

Tractwise analysis using the extent of fiber tract damage, and covarying for amount of ATL
damage revealed that damage to the ILF was still significantly associated with impaired
naming for Animals (32 =7.1; corrected p < 0.03) and Fruits and Vegetables (y2 =9.1;
corrected p < 0.01). The extent of ATL damage itself was not significantly associated with
impaired naming for any category. The parallel analysis using the FT transection measure
showed that the extent of ATL damage was associated with impaired naming for Faces (y2
=7.4; corrected p < 0.03). No other significant results were observed.

4. Discussion

Lesion studies have elucidated neural systems supporting retrieval of semantic knowledge,
and revealed how selective deficits may arise from a brain architecture organized around the
convergence of modality-related systems (Damasio et al., 1996, 2004; Tranel et al., 1997).
These studies demonstrate that the left ATL is a critical component of systems supporting
name retrieval, and suggest category-related functional segregation within the region.
Although damage to fibers of passage, especially long-range association tracts, has long
been understood to underlie language deficits, lesion methods to isolate these effects are a
recent development (Rudrauf et al., 2008b; Thiebaut de Schotten et al., 2008; Philippi et al.,
2009; Galantucci et al., 2011; Kuceyeski et al., 2011; Turken and Dronkers, 2011; Han et
al., 2013).

In this study, we performed voxelwise lesion- and fiber tract disconnection-deficit analyses
to assess the functional importance of the left ATL and its connections in name retrieval.
Our overarching hypothesis was that category-related naming deficits are associated with
damage to different functional subdivisions, and that these subdivisions are related to
differences in corticocortical connectivity. By explicitly controlling for confounding factors
including concurrent recognition deficits, category-selectivity of naming deficits, and
cortical versus underlying white matter fiber tract damage, we identified cortical subregions
and long-range fiber tract connections critical for retrieving names for categories of unique
(famous Faces) and non-unique (Animals, Tools, Fruits and Vegetables, and Musical
Instruments) concrete entities.

4.1. Lexical specificity and the role of the left ATL

Consistent with previous reports (Damasio et al., 1996, 2004; Drane et al., 2008, 2013), we
demonstrate that damage to the left ATL is associated with lexical (as assessed by naming)
but not concept (as assessed by recognition) retrieval deficits for all categories (though only
as a trend for Tools). We explicitly assessed the lexical-specificity of these naming deficit
associations by controlling for concurrent recognition deficits in the same category.
Collectively, these results suggest that the critical role of the left ATL in name retrieval is
independent of concept retrieval across categories of unique and non-unique entities.
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Our results support a lexical role for the left ATL in semantic retrieval, but the exact nature
of the role remains unclear. Part of this uncertainty reflects the debate over the distinction
between lexical semantic knowledge (‘words’ as symbolic representations) and concept
knowledge (non verbal representations) and the purported relationship to the left and right
ATLs for their retrieval. Some investigators maintain verbal descriptors, including names,
are features of a unitary bilateral ATL semantic system (e.g. Rogers et al., 2004; Lambon
Ralph et al., 2008, 2010), while others consider names as ‘containers’ distinct from the
conceptual information they encapsulate and bind (Westermann & Mareschal, 2014). The
latter view corresponds more or less to the idea that the lexical concept is a non-decomposed
level of knowledge of an entity (Indefrey & Levelt, 2004), different, and possibly with a
finer-grained structure than a nonlexically bounded store (Mesulam et al., 2013). This
perspective is compatible with the view that the left ATL is a “mediation” zone linking areas
supporting specific concepts with left perisylvian areas supporting word-form knowledge
(Damasio et al., 1996). In a 'mediation’ zone framework, however, the sparse and essentially
arbitrary links between phonological word forms and conceptual information raise the
possibility that what appears to be a selective name retrieval deficit could still reflect a
degraded unitary semantic store (cf. Lambon Ralph et al., 2001).

4.2 The role of left anterior temporal lobe cortical subdivisions in lexical retrieval

The specific subregions associated with naming impairments within the left ATL varied
according to conceptual category and/or level of specificity, with both category-general and
category-selective regions identified. Damage to the left basolateral ATL was associated
with naming impairments in all categories for both unique and non-unique entities (again
only a trend for Tools). This subregion coincides with the ‘semantic hub’, an area implicated
in accessing semantic representations across a variety of semantic tasks and experimental
modalities (Binney et al., 2010; Rogers et al., 2006; Patterson et al., 2007). This ATL
subregion is dominated by intra-temporal connectivity (Binney et al., 2012), consistent with
an integrative role among different temporal lobe subregions, including more rostral regions,
as would be expected if the region supports domain general semantic representations during
naming.

While left basolateral ATL damage was associated with name retrieval deficits for all
categories studied, the association for Tools was not statistically significant. Other work
(Drane et al., 2013) has reported less frequent or consistent naming impairment for this
category after ATL damage. Tools may be more visually and/or semantically distinct,
reducing requirements for iterative processing and reliance on semantic stores to resolve
their lexical-semantic identity.

By contrast, there was a dissociation of cortical sectors implicated in naming Faces (a
category of unique entities) versus the four categories of non-unique entities. Damage to the
left temporal pole was associated with impaired naming of Faces specifically, consistent
with studies using a variety of approaches (Damasio et al., 1996; Damasio et al., 2004;
Tranel et al., 2009; Simmons et al., 2010) and stimulus materials (Belfi et al., 2014; Waldron
et al., 2014). The requirement of additional anatomic substrate(s) for normal retrieval of
proper names of faces is consistent with proposals that their retrieval entails additional
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process(es) (cf. Semenza et al., 2011), such as resolution of visual and conceptual ambiguity
(Grabowski et al., 2001), differences in token vs. type reference for unique and non-unique
entity retrieval (Semenza et al., 2011), and/ or processes specifically related to social and
affective associations (Zahn et al., 2007; Ross & Olson, 2010; Simmons et al., 2010).

The findings support the notion of convergence-divergence regions and suggest that
category-selective and -general ATL components arise from modality inputs and their
integration. While not completely consistent with separate sensory modal stores, the results
suggest that modal channels may drive segregation within the ATL, manifesting as category-
related differences.

4.3. The role of long-range association tracts and connections in lexical retrieval

The fiber tractwise analyses assessed the importance of four long-range association fiber
tracts in the left ATL for name retrieval for each category. These tracts belong to the ventral
language pathway (involved with mapping meaning to sound). As we covaried for effects of
other tracts, including those from the dorsal language pathway, the results indicate specific
contributions per tract. The results revealed segregated effects for unique Faces versus non-
unique entities, and highlight a specific role for the uncinate fasciculus (UNC). The uncinate
fasciculus interconnects anterior temporal cortical and subcortical limbic structures with
frontal regions, especially the lateral orbitofrontal and ventral medial prefrontal (VMPF)
cortex. These regions are associated with reward, motivation, affective and social processing
and autobiographical memory. Thus the UNC role may reflect activation of emotion-feeling
associations (Papagno et al., 2011) and/or greater demand for semantic control (Harvey et
al., 2013) in proper name selection.

In contrast, our results identified a critical role for the inferior longitudinal fasciculus (ILF)
in naming nonunique entities. The ILF interconnects posterior occipito-temporal regions
with anterior temporal lobe structures (Mandonnet et al., 2007). The ILF finding is
consistent with a top-down component to semantic retrieval facilitated by long-range
association projections interconnecting early visual and visual association regions with the
ATL (Coutanche et al., 2014; Tranel et al., 2005); and with previous studies showing that
damage to the ILF is associated with impaired object naming (Agosta et al., 2013; Shinoura
etal., 2010). The ILF was not found to be critical for Faces, perhaps because Faces place
more demands on right hemisphere visual processing, and as such it may be that right ILF
(Tavor et al., 2014), or commissural fibers crossing more anteriorly, play a major functional
role in this case (Di Virgilio, 1999).

Our findings confirm an essential role for long-range association fiber tracts in naming and
are in line with explanations of visual object recognition (Bar, 2003; Bar et al., 2006;
Kersten et al., 2004; DiCarlo et al., 2012; Yvert et al., 2012) that emphasize rapid
interactions between the emotional semantics of visual scenes, emotion and visual attention
(Rudrauf et al., 2008c) that include anterior elements of the ventral visual stream, limbic
structures, and long-range parallel pathways between posterior and anterior cortices. They
also are in line with Bayesian accounts of resolution of ambiguous sensory input through the
influence of context (see Friston et al., 2006). Engineered top-down dynamic and Bayesian
systems typically require iteration and their feasibility and efficiency require rapid
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communication. Thus an additional requirement for a semantic system may be the ability to
rapidly coordinate brain activity across sensory and central semantic nodes, enabled by long-
range fiber tracts. This view is consistent with early activation of the ATL during naming in
MEG and microelectrode recordings (Chan et al., 2011; Clarke, et al., 2011, 2013; Bar et al.,
2003); and with dynamic causal modeling studies showing reliance on feedback connections
from the ATL to posterior regions (Rudrauf et al., 2008c Campo et al., 2013) and from
frontal regions to the ATL (Campo et al., 2013).

Analyses of the relative contributions of tract and cortical damage within the left ATL
confirmed a high degree of collinearity between the two. When tract effects using FT
damage were estimated first, no significant variance associated with naming in any category
remained explained by cortical damage. Similarly, when the amount of ATL damage was
estimated first, there remained only an association between damage to the ILF and naming
deficits for two categories of non-unique entities (Animals and Fruits & Vegetables). These
predominately null findings, when controlling for cortical or FT damage, are expected to the
extent that particular cortical sectors and white matter tracts are components of the same
system. Although the analyses using the FT transection measure also eliminated the majority
of cortical and tract findings, these analyses led to spatial refinement of the cortical sectors
implicated in naming Facesand Fruits & Vegetables. Notably, the association between
damage to inferior (but not superior) aspects of left temporal pole (LTP) and naming deficits
for Faces remained after covarying tract disconnection. Thus the effects of inferior LTP
damage appear to be independent of the uncinate fasciculus and the connectivity it affords.
The same independence was not obtained for the superior LTP. These results show that the
proposed measure of fiber tract transection is a useful approach for modeling fiber tract
damage in the study of lesion-deficit relationships, for understanding the importance of
long-range (vs. local) connectivity, and for gaining insight into its relationship to cortical
support of semantic knowledge retrieval.

4.4 Limitations of the study

The study has important limitations. First, it relied on a heterogeneous lesion sample and
assumes that lesion location, not mechanism, is the dominant explanatory factor of a deficit.
Lesions of different etiologies may affect tissue differently, and isolating damaged tissue
based on brain scans has limitations. We employed only etiologies giving rise to
circumscribed tissue destruction, and only defined such regions as “lesion”. This
conservative approach aims to identify areas where damage is consistently associated with
abnormal function. Ideally these common areas reflect the conjunction of lesion-deficit
correlations observed across mechanisms. Although we did not have sufficient statistical
power (ascertained by effective coverage maps) to assess lesion-deficit correlations per
etiology, we demonstrated that lesion mechanism did not affect the probability of deficit for
the left ATL subregions that were identified as critical for naming in our analyses. Like all
studies, our findings will be strengthened by replication in an independent sample, and by
convergence with other approaches.

Second, our approach for modeling fiber tract ‘disconnection’ has limitations. The measures
of FT damage and FT transection were operationalized on theoretical grounds and are not
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claimed to be optimal. We assumed deficits associated with tract damage would be
independent of their location along the tract. This oversimplification does not consider the
fact that tracts are comprised of multiple branches with different patterns of
interconnectivity, and hence support different functions (Tavor et al., 2014). Moreover, the
measures are estimated with reference to information from co-registered normal brains, not
diffusion data from the specific brains with lesions (which were unavailable). Nonetheless,
in a previous validation study (Rudrauf et al., 2008b), we demonstrated the ability of our
atlas-based approach to correctly separate gray and white matter damage contributions to
visual deficits in the geniculo-calcarine system.

Third, since clinical lesions tend to be large and involve both gray and white matter, fiber
tract damage is highly collinear with cortical damage. While our approach advances the
means to address this confound, more refined methods are needed. Simulations may be
useful to validate disconnection measures and to assess the impact of their inclusion on the
ability to detect cortical lesion-deficit correlations. At some level, and especially near
critical cortical components, the dependency of connectivity and cortical function is likely to
be irresolvable.

Fourth, our study was limited by the tracts we included. When more than one fiber tract is
involved, e.g. IFOF and ILF, neither may be highlighted as having a specific contribution. A
similar issue occurs if pathways are partially redundant, as hypothesized for the ventral
language pathways of a direct (IFOF) and indirect (ILF + UNC) pathway. Thus our results
cannot be taken to mean that impaired naming of unique entities is only or solely associated
with left UNC damage, or that impaired naming of non-unique entities is only or solely
caused by damage of the left ILF. Another more basic limitation is that the ontology of long-
range tracts has controversial aspects. Some groups include the UNC as part of the ventral
extreme capsule/IFOF pathway (cf. Axer et al., 2013). Finally, at all levels of the ATL,
cortical regions communicate with contralateral regions, and especially their homologues,
via white matter commissural fibers. While we focused our analysis of disconnection on
within-hemisphere long-distance projection tracts, between-hemisphere connectivity is also
relevant. Nevertheless, our results support the importance of within-hemisphere
connectivity, which may dominate function in heteromodal association regions such as the
ATL (Hurley et al., 2014).

Lastly, we only studied one category of unique entities (faces of specific persons). More
recent work has suggested that the left temporal pole is also important for retrieval of other
categories of unique entities, such as famous landmarks, melody names, or names associated
with famous voices (Tranel, 2006; Belfi and Tranel, 2014; Waldron et al., 2014; Abel et al.,
2015). Analyzing other unique categories in a disconnection framework is a direction for
future work.

5. Conclusions

In this study, we extended the standard voxelwise lesion-deficit analysis framework using
analysis methods that formally incorporate information about connectivity and
disconnection. We reanalyzed a previous lesion study of impaired naming and recognition
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across five categories of concrete entities using a voxelwise logistic regression approach that
also analyzed the impact of the disconnection of long-range association fiber tracts. Our
overarching goal was to investigate the hypothesis that category-related naming deficits are
associated with damage to different functional subdivisions of the left ATL, in a manner that
is consistent with a connectivity-based architecture of convergence-divergence regions.

The results demonstrate that the neural systems for naming of unique and non-unique
concrete entities include segregated components at both the cortical and fiber tract levels.
The results reconcile category-related and semantic hub accounts of the left ATL through
considering a finer granularity of organization that may support both. We find a left ATL
region critical for name retrieval across concrete categories, and another specifically for
retrieval of names of famous faces. The critical support for name retrieval is shared between
these regions and the inferior longitudinal fasciculus and uncinate fasciculus, respectively.
The left temporal polar subregions may support lexical semantic information for unique
and/or social entities such as specific persons, while the laterobasal region may integrate a
sensory amodal and category general store. The results are most compatible with a specific
role of the left ATL in storing lexical conceptual information, with partial segregation of this
store according to category.
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Figure 1.
Lesion coverage in the cortex and along the fiber tracts. The color maps shows the number

of participants with lesions along the cortex (top row) and along the long-range association
fiber tracts with connections to the left anterior temporal lobe (ATL) (bottom four rows).
Abbreviations for the tracts are as follows: CGH (cingulum hippocampal process), ILF
(inferior longitudinal fasciculus), IFOF (inferior fronto-cccipital fasciculus), and UNC
(uncinate fasciculus). The coverage reflects the subjects used for analysis of naming deficits
for Faces (N = 123).
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A. Tract Atlas Probability B. Tract Skeleton
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Figure 2.
Fiber tract (FT) measures of disconnection. The figure illustrates the difference between the

'FT damage' and 'FT transection' measures, using the left inferior longitudinal fasciculus
(ILF), viewed from the ventral aspect of the brain. A. Tract Atlas Probability: The color

palette for the ILF indicates the probability of the tract being present at a given location
among the subject population used to derive the atlas. Values are thresholded at a lower-
bound fiber tract probability of 0.10 (10 percent). 'FT damage' is calculated by summing the
number of voxels encompassed by the lesion and weighting them by the tract atlas
probability values. B. Tract Skeleton: The lower-bound thresholded ILF in A was
skeletonized with the subvoxel skeletonization method of van Uitert & Bitter (2007), and
overlaid on the brain. Panels C and D illustrate the use of the tract skeleton to differentiate
'FT transection' from 'FT damage'. C. Mid-tract damage vs. transection: The lesion
(indicated by the oval outlined in blue) partially overlaps the ILF and would produce a non-
zero 'FT damage' value but a zero 'FT transection’ value, as it does not overlap the tract
skeleton nor segment the tract into at least two separate components that include the
skeleton. However, if the lesion also included the partial oval outlined in red, it would meet
the mid-tract transection criteria and produce a non-zero 'FT transection' value. D. Tract
terminus damage vs. transection: The anterior temporal pole lesion, indicated by the blue
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outline, would produce a non-zero 'FT damage' value but a zero 'FT transection' value as it
reflects damage confined to the tract boundary and not to the skeleton. If the lesion was
augmented by the area outlined in red, it would meet the tract terminus transection criteria
and produce a non-zero 'FT transection' value.
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Figure 3.
The left anterior temporal lobe (ATL) region of interest. A: The ATL (red) was defined by a

voxel mask in the MAP3 reference brain space that includes the temporal pole and anterior
aspects of the inferior temporal, middle temporal, superior temporal, fusiform, and
parahippocampal gyri. The parcellation is based on Desikan et al. (2006), and was mapped
onto the anatomy of the reference brain by Hanna Damasio and Joel Bruss. B: Within the
ATL, effective coverage (a proxy for voxelwise statistical power; Rudrauf et al 2008a) was
calculated, indicating where the observed lesion coverage was sufficient to test the
hypothesis that damage was necessarily associated with impairment. The red shaded voxels
represent the intersection of effective coverage maps for the voxelwise analyses across the 5
conceptual category analyses. Small sectors of the left anterior superior and middle temporal
gyri did not have effective coverage. All of our cortical analyses were restricted to the left
ATL cortex within this refined ATL mask.
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Figure 4.
Cortical damage in the left ATL associated with naming deficits. Shown are thresholded

results (p values) from the voxelwise logistic regression analyses of naming deficits for each
category in the space of the MAP3 reference brain. Statistical results were thresholded using
FDR (q < .05, top four rows; q < .10, bottom row). Significant results are observed for four
out of the five categories (Faces, Animals, Fruits & Vegetables, and Musical Instruments).
There is a trend for significance for Tools (bottom row). Only Faces are associated with
cortical damage to the entire temporal pole (i.e. including the anterior and superior aspects).

Cortex. Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mehta et al.

Page 31

By contrast, all categories are associated with damage to the posterior ventrolateral ATL.
These results serve as a baseline for subsequent voxelwise analyses in which potential
confounds are taken into account.
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Figure 5.
Cortical damage in the left ATL associated with naming deficits when accounting for

recognition deficits. Shown are FDR-thresholded results (p values) from the voxelwise
logistic regression analyses of naming deficits when accounting for recognition deficits in
the same category. Significant results are observed for three out of the five categories
(Faces, Animals, and Musical Instruments). These results are shown in the upper three rows,
thresholded using FDR (g < .05). There is a trend for Fruits & Vegetables (bottom row,
thresholded using FDR ¢<0.10), but no significant result for Tools. Only Faces are
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associated with cortical damage to the entire temporal pole (that includes the anterior and
superior aspects). By contrast, the three other categories are associated with damage to the
posterior ventrolateral ATL. Compared to the baseline analysis (Figure 4), the extent of
cortical damage in the ATL associated with Fruits & Vegetablesis reduced (restricted
primarily to the posterior ventrolateral ATL).
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Figure 6.
Cortical damage in the left ATL mask associated with naming deficits when controlling for

category-nonspecific effects (i.e. the presence of a naming deficit in one or more other of the
categories). Shown are thresholded results (p values) from the voxelwise logistic regression
analyses of naming deficits when covarying for naming deficits in another category overlaid.
Statistical results were thresholded using FDR (g < .05, top three rows; q < .10, bottom row).
Significant results are observed for Faces (top row) and Tools (small sector in the superior
temporal sector, not shown). Significant results associated with damage to at least one
category other than Facesare observed in the ventrolateral ATL (bottom row). These results
show the dissociation of cortical damage associated with impairments for unique and non-
unique entities, and the specificity of the temporal pole for the former.
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Figure 7.
Cortical damage in the left ATL associated with naming deficits when controlling for fiber

tract damage (FT transection). Shown are thresholded results (p values) from the voxelwise
logistic regression analyses of naming deficits when covarying for long-range association
fiber tract disconnection/damage. Statistical results were thresholded using FDR (q < .05).
Cortical regions remain significant for Facesand Fruits & Vegetables but are reduced in
their extent. Sparse regions in the posterior ventral cortex are implicated for deficits in both
categories, as is an additional ventrolateral sector for Faces. For Faces, much of the
temporal pole remains implicated except notably for the superior aspect of the superior
temporal gyrus.
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Table 1

a) The scores (percent correct) for recognition and naming tests for normal comparison
participants.

NAMING RECOGNITION
Fruits & Musical Fruits & Musical
Faces Animals Tools Vegetables Instruments Faces Animals Tools Vegetables Instruments
Means 92.3 95.7 97.2 94.3 96.9 75.7 91.9 96.2 92.6 96.3
Standard Diviation 6.2 3.1 3.9 3.7 45 6.7 2.8 3.3 3.9 3.4

b) The numbers of participants included the naming and recognition analyses (out of the
possible 129 study participants) for each category. The numbers in the row, “Excluded”,
indicate how many participants were excluded in the analyses, and the numbers in the row,
“Included” indicate how many participants remained in each category.

NAMING RECOGNITION
Fruits & Musical Fruits & Musical
Faces Animals Tools Vegetables Instruments Faces Animals Tools Vegetables Instruments
Included 115 115 123 123 123 125 128 121 126 129
With Deficit (35) (28) (27) (23) (38) (22) (43) (13) (58) (65)
Without Deficit ~ (80) 87) (96) (100) (85) (103) (85) (108) (68) (64)
Excluded 14 14 6 6 6 4 1 8 3 0
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