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Purpose of Review Historical and contemporary treatments of visual agnosia and
neglect regard these disorders as largely unrelated. It is thought that damage to
different neural processes lead directly to one or the other condition, yet apperceptive
variants of agnosia and object-centered variants of neglect share remarkably similar
deficits in the quality of conscious experience. Here we argue for a closer association
between ‘apperceptive’ variants of visual agnosia and ‘object-centered’ variants of
visual neglect. We introduce a theoretical framework for understanding these conditions
based on ‘scale attention’, which refers to selecting boundary and surface information at
different levels of the structural hierarchy in the visual array.

Recent Findings We review work on visual agnosia, the cortical structures and cortico-
cortical pathways that underlie visual perception, visuospatial neglect and object-
centered neglect, and attention to scale. We highlight direct and indirect pathways
involved in these disorders and in attention to scale. The direct pathway involves the
posterior vertical segments of the superior longitudinal fasciculus that are positioned to
link the established dorsal and ventral attentional centers in the parietal cortex with
structures in the inferior occipitotemporal cortex associated with visual apperceptive
agnosia. The connections in the right hemisphere appear to be more important for
visual conscious experience, whereas those in the left-hemisphere appear to be more
strongly associated with the planning and execution of visually-guided grasps directed
at multi-part objects such as tools. In the latter case, semantic and functional
information must drive the selection of the appropriate hand posture and grasp points
on the object. This view is supported by studies of grasping in patients with agnosia and
in patients with neglect that show that the selection of grasp points when picking up a
tool involves both scale attention and semantic contributions from inferotemporal cortex.
The indirect pathways, which include the inferior fronto-occipital and horizontal
components of the superior longitudinal fasciculi, involve the frontal lobe, working
memory, and the ‘multiple demands’ network, which can shape the content of visual
awareness through the maintenance of goal- and task-based abstractions and their
influence on scale attention.

Summary Recent studies of human cortico-cortical pathways necessitate revisions to
long-standing theoretical views on visual perception, visually-guided action and their
integrations. We highlight findings from a broad sample of seemingly disparate areas of
research to support the proposal that attention to scale is necessary for typical
conscious visual experience and for goal-directed actions that depend on functional and
semantic information. Furthermore, we suggest that vertical pathways between the
parietal and occipito-temporal cortex, along with indirect pathways that involve the
premotor and prefrontal cortex, facilitate the operations of scale attention.

Keywords: visual agnosia, object-centered neglect, selective attention, visual
perception, grasping, visual pathways
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The Ties That Bind: Agnosia, Neglect, and Selective Attention to Visual Scale

Introduction

Visual agnosia refers to any disorder in the visual recognition of objects that cannot be
attributed to more rudimentary visual defects in acuity, stereopsis, luminance or contrast
sensitivity, nor to higher-order cognitive functions such as verbal comprehension,
speech production, dementia, and more general memory or cognitive deterioration [1,2].
This definition means that visual agnosia is a multifaceted disorder, one that covers a
diverse spectrum of functions that are all required in order to accomplish the everyday
tasks of visual perception and recognition. Research on visual agnosia can therefore
serve two important functions. One is to better understand the nature of any specific
individual patient’s disorder. The other is to inform our understanding of the functional
and anatomical organization of the human visual system. Both of these endeavors are
being rapidly enhanced by recent advances in neuroimaging and intra-operative
electrical mapping. Many excellent reviews and monographs on the topic of visual
agnosia already exist and we encourage the reader to consult them for either broad
overviews or for detailed expositions on specific topics [3-9]. Given this rich and
contemporaneous background literature, our aim here is to highlight certain facets of the
perceptual, as opposed to the semantic, symptoms of visual agnosia that we believe are
still poorly understood and that therefore could benefit from further critical consideration,

theorizing, and investigation.

We begin by revisiting Lissauer’s [10,11] pioneering associative-apperceptive
dichotomy, a foundational pillar of visual agnosia, in order to underscore elements of his
conceptual framework that are understated in current textbook treatments. We then
review work involving two of the most extensively studied patients with visual agnosia,
‘DF”, and “HJA”, who demonstrate unique patterns of perceptual and recognition
deficits in shape and scene processing. We survey evidence from these patients and
from patients with object-centered neglect that suggests that deficits in selective
attention to the parts of objects, and to the relations between object parts, can limit the

ability to bind various surface features and object parts onto a single object. This
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problem with binding can also occur at a higher level in the structural description, such
as to the relations between objects, and even to the relations between different regions
in a scene. We refer to these functions collectively as the spatial scale of processing
and we limit their content to the structural hierarchy of the visual array. We further
acknowledge that selective attention to a specific spatial scale is necessarily
constrained by ‘higher-level’ sources of control over internal attention such as goal
selection. We move on to review the cortical network hubs associated with the control of
visual-spatial attention (often called ‘orienting’) and discuss a subset of visual neglect
characterized by object-centered deficits in perception. We offer candidate cortico-
cortical pathways that are capable of carrying the signals of selective attention to scale
to their cortical targets along the ventral occipitotemporal areas associated with visual
perception and visual agnosia. This analysis highlights the parallel nature of the neural
pathways out of visual cortex and their different cognitive and behavioural functions. It
also explains why damage that excludes the posterior parietal cortex can paradoxically
spare visually-guided grasping when directed towards simple goal objects and yet
impair grasping based on the most appropriate and contextually-meaningful part of

more complex objects, such as tools.

Lissauer’s patient “L”

Lissauer’s late 19" century studies of patient “L” constitute the earliest evidence that the
human visual system can be functionally (and anatomically) fractionated between brain
regions that support conscious visual experience and those brain regions that are
necessary for semantic elaboration [10,11]. L experienced great difficulty recognizing
objects, people, and places by sight alone despite intact central visual fields, preserved
fixation, smooth pursuit and saccadic eye movements, and relatively good acuity and
depth perception. Lissauer also reported that L could identify and describe common
objects when permitted to explore them haptically, when permitted to hear the canonical
sounds they could make, or when given their name verbally. Thus, both L’s low-level
vision and his semantic knowledge of common objects remained intact, despite his
recognition deficit. These observations led Lissauer to conclude "...there must have

been a disruption of the associate processes." (p. 186), from damage to the pathways
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linking the structures dedicated to apperception and those in which are stored the
associated semantic knowledge.

Lissauer’s notion of visual apperception

Lissauer posited that the visual system’s construction of “mental pictures”, a process he
referred to as apperception, was functionally and anatomically distinct from the
association of those pictures with stored semantic information (“ideas”). Lissauer
described apperception as “...the stage of conscious awareness of a sensory
impression” (p. 181); “...the highest level of perception in which the conscious mind
takes a sensory impression with maximal intensity.” (p. 182); “...the ability to detect
discrepancies between sense perceptions.” (p. 183); and “...that function which enables
us to give information about the differences between sensory impressions.” (p. 184). In
other words, Lissauer conceived apperception as the process by which we achieve a
visual percept, that is, a visual understanding of an object, which includes its shape or
structure, surface properties, and volume, and this process necessarily entails

discrimination.

Lissauer was determined to quantify visual percepts, but he realized that asking patients
to verbalize their conscious visual experience presumed the pathways linking ‘mental
pictures’ to their associated ‘ideas’ was intact. For example, Lissauer reported that
although his patient could not name colours by sight, he could successfully match and
sort colours when given samples, stating “If he was presented with samples of
Holmgren wools and asked to select all examples of the same shade he was able to do
this without hesitation. For example, he would select all the green shades and without
hesitation reject all blue colours or hues tending towards yellow. If he was presented
with a certain hue and asked to find its exact match, he was able to do this immediately.
He would either find the closest match or report that an exact match was not available.
Thus, he clearly was able to differentiate between subtle hues of grey, green, and
yellow." (p. 163). From this, Lissauer reasoned that quantifying visual percepts was best
approached using two possible non-verbal approaches. The first would involve

“...getting the subject to copy the stimulus either by drawing it or by repetition or
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something along these lines.” (p. 183); The quality of the drawings and manner in which
they were made could provide insights into the quality of the patient’s visual
apperception. This approach is still used in more modern studies. In a second
suggestion, visual percepts could be quantified by measuring “The amount of difference
necessary for two percepts to be registered as being incongruent...” (p. 183). In other
words, the second method entailed the ‘bread and butter’ of visual psychophysics:

forced-choice measurement.

Lissauer fractionates apperception and grounds it in spatial vision

Lissauer further fractionated apperceptive visual agnosia into different domains. L’s
spared non-verbal colour discrimination, and his relatively intact ability to draw copies of
simple objects but his complete failure to copy more complex objects led Lissauer to
fractionate visual percepts into three domains “...the abilities to perceive colour, form,
and three-dimensional objects.” (p. 183). Lissauer’s distinction between simple and
complex objects anticipates a modern distinction between patients with form and
integrative visual agnosia, respectively, while Lissauer’s distinction between object
‘form’ (2D) and 3D (real) objects anticipates Marr’s distinctions between the primal
sketch, 2 ¥2 D and 3D object model processing levels [12]. Furthermore, Lissauer’'s
notion of visual apperception was fundamentally grounded in spatial vision. In fact, he
defended his entire notion of visual apperception by “...introducing spatial vision into the
framework...as a prerequisite for any complex visual perception, even if it is justifiable
to consider it an issue separate from apperception.” (p. 184). In other words, Lissauer
believed that spatial vision was a multimodal enterprise, referring to both retinal and
extra-retinal input, and suspected it was sufficiently complex to warrant its own system.
Damage to this system, he speculated, would result in a “chaotic” and “confusing” visual
experience that would disrupt object recognition. These speculations anticipate our

contemporary theoretical understanding of patients with simultanagnosia.

It is also worthwhile to point out that, contrary to many textbook characterizations of
Lissauer’s apperception-associative dichotomy, he did not believe the boundary

between these categories was strict. In fact, Lissauer stated "There can be no doubt
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that our patient showed an impairment of apperception. In particular, as has been
described in the case history under the heading “form perception”, his perception of
complex visual stimuli was not intact" (p. 185). Lissauer’s conclusion flowed from his
observations of L’s drawn copies of objects of various complexity. Recall that L
produced good line drawn copies of simple geometric shapes, but he became
hopelessly frustrated when attempting to copy more complex objects, and, regardless of
the object’s structural complexity, L’'s drawings were made slowly, with concerted effort,

and in a piecemeal manner.

Evaluating visual agnosia

Patients who report impaired visual recognition are typically given tests for low-level
visual defects in acuity, contrast sensitivity, perimetry mapping, stereopsis, and depth
discrimination. Tests of object recognition entail asking patients to name and describe
objects in plain view and discriminate among them verbally or through gesture. The
additional information about 3D geometry and surface properties that are available with
real objects and models of real objects, relative to photographs or line drawings, can
improve recognition performance. In patients with visual agnosia, recognition improves
substantially when the experimenter uses non-visual means to cue object identity, such
as when they name the unrecognizable object; manipulate it in a way that produces its
canonical sound (e.g., shaking a set of keys to make a familiar sound of jingling keys);
or permit the patient to explore it haptically. Thus, patients with visual agnosia can
demonstrate that they possess accurate semantic information about the object that is
retrievable through non-visual sensory information. Aside from drawing copies of
objects from a visible template or one from memory, tests to reveal deficits in the
apperception of object structure or surface properties often rely on detection and
discrimination methods that are not dependent on verbal reports. For example, Efron
devised a two-alternative forced-choice (2AFC) test of object form discrimination in
which the participant indicates whether pairs of rectilinear shapes (squares and
rectangles) are the same or different [13]. The shapes themselves possess the same
texture, colour, and surface area, and differ only in terms of their lengths and widths.
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Other tasks aim to test the integrity of representations of higher-order 3D structure.
Goodale and colleagues devised a version of Efron’s shape-discrimination task using
3D blocks [14]. Taylor and Warrington devised an object-naming task in which
photographs of common objects were taken from conventional and unconventional
angles to test the patient’s ability to access 3D information about the stimulus [15; see
also 16]. Variants of these tasks entail matching photographs of objects (or faces or
houses) taken from different viewpoints to a target photograph [e.g., 17]. Riddoch and
Humphreys devised displays in which line drawings of different objects are
superimposed on one another and the patient’s task is to match the embedded objects
to samples presented in isolation [18]. Patients with deficits in figure-ground and part
segmentation perform poorly on this task [e.g.18-20]. De Renzi and colleagues devised
a match-to-sample task that pits visual structural similarity against semantic identity
[21]. In this task, three photographs are presented: the sample, the match, and the foll
Crucially, the match is the same object as the sample but is configured differently (e.qg.,
an open vs. closed umbrella), while the foil is a different object but is configured in a
way that resembles the sample (e.g. a walking cane that resembles the sample closed
umbrella serves as a foil, when the match is the open umbrella) [22]. Patients with
visual associative deficits but relatively intact visual perception often choose the

structurally similar foil [22].

Visual form agnosia

The first patient demonstrated to possess visual form agnosia was “Mr. S”, who was
systematically tested by Efron [13] and Benson and Greenberg [23]. Mr. S was unable
to name any common object or discriminate triangles from circles, despite being able to
identify colours, discriminate hue, and detect subtle differences in motion, luminance,
and overall size. Despite his deficit in shape perception, as far as a casual observer
could tell, Mr. S could reach for and grasp real objects accurately provided they were
moved by the experimenter, and he could localize small white pieces of paper on a
black background by pointing at them. Furthermore, he could name objects placed in
his hand and demonstrate their use through verbal or communicative gesture. Thus, his

semantic knowledge of objects was intact.
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Mr. S’s selective deficit was powerfully illustrated by his impaired performance when
copying from a visible template (see Fig. 1) and by his poor performance on Efron’s
shape-discrimination task. In the shape discrimination task, the one that bears Efron’s
name, a standard square and a rectangle are presented and the viewer is asked to
make a same-different judgment about the shapes of the two stimuli. The dimensions of
the rectangle are varied from trial to trial with the condition that it must always match the
square in terms of its surface reflectance and overall size. Mr. S’s perceptual
impairments were also evident from the results of the attempts to train him to recognize
objects using his spared perceptual capacities. For example, he learned to correctly
name a red-backed playing card as a “playing card”, but when he was presented with a
blue-backed copy of the same playing card, he could not name it at all. In fact, when Mr.
S was later presented with a red postage stamp, he identified it as the playing card. In
other words, Mr. S had relied on the colour of the object to cue its verbal identity.
Furthermore, if any of the objects he was trained to identify were placed on a different
background, he could no longer identify them properly. This was consistent with his
poor ability to trace the outlines of photographed objects. When doing this, Mr. S would
often leave the boundary of one object to trace the boundary of another where two
objects overlapped, suggesting impaired figure-ground separation. As compelling as the
evidence is for form perception in Mr. S’s case, we do not know the exact location and
extent of damage to visual cortex he sustained, because detailed neural scans were not

available in the era in which he was reported.

The most extensively studied patient with visual form agnosia is “DF”, and it just so
happens that her perceptual deficits are strikingly similar to Mr. S’s. DF’s visual fields
are intact well beyond central vision, her contrast sensitivity thresholds are normal at
high frequencies and modestly higher at lower frequencies, and her colour
discrimination remains largely preserved [24,25]. Nevertheless, she exhibits
prosopagnosia and possesses a profound deficit in object perception and recognition;
her drawn copies of line drawings are poor (see Fig. 1) and her performance on the

Efron shape-discrimination task is significantly impaired [24-26]; her match-to-sample
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performance when line drawn objects are filled-in with black was at chance, regardless
of whether the objects are animals or simple geometric shapes [25]. Although her
recognition performance never approached levels observed in normally-sighted
populations, it improved when the test involved coloured photographs and real objects.
This is presumably because the additional spatial, colour, and surface cues to texture
and material properties facilitate the retrieval of intact semantic and structural

knowledge [26].
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Detailed MRI scans of DF’s brain were taken at a number of different years following
her initial injury. The initial MRI scan revealed bilateral lesions to the ventrolateral areas
of her occipital cortex and bilateral lesions to the cuneus of dorsomedial occipital cortex

that were more extensive on the left than on the right [25]. These lesions have
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expanded over the decades, particularly in the left posterior parietal cortex (PPC), but
functional MRI (fMRI) scans of DF’s brain suggest that her primary visual cortex
remains functionally intact [27-29]. Consistent with the pattern of DF’s recognition
deficits, fMRI scans reveal no differential activity while she viewed intact line drawings
or their scrambled counterparts [28]. Scans of normally-sighted individuals were made
under identical presentations to establish the regions that are typically activated when
viewing intact objects, their scrambled counterparts, and, importantly, the object-
preferential regions that are activated significantly more for intact objects than for
scrambled ones. When the group map of controls’ object-preferential activity was
superimposed over DF’s brain, the foci of activation were in the lateral occipital cortex
(LOC), precisely where DF’s lesions were [28]. Notably, LOC is known to play a
prominent role in processing the outline shape and contour of objects [30-32; for review,
see 33]. When DF viewed grey-scaled and coloured photographs of real objects, stimuli
that improve her recognition performance, activation was observed in the intact areas of
her visual cortex, including the fusiform gyrus, lingual gyrus, and, to a lesser degree, the
collateral sulcus extending into parahippocampal cortex. Furthermore, activation in
these areas was positively correlated with DF’s success or failure to identify the objects.
Notably, these same areas responded negligibly when she viewed scrambled versions

of those photographs [28].

While DF can classify scenes as natural or artificial at above-chance levels when they
are presented in full colour or in grayscale, her error rate increases substantially if the
scenes are presented in black and white, a finding consistent with her profound deficit in
shape perception [29]. In normally-sighted individuals, scene perception is associated
with a network of cortical structures, including LOC, the parahippocampal place area
(PPA), the retrosplenial complex (RSC; also referred to as the medial place area, MPA),
and the occipital place area (OPA) (for review, see 34). FMRI scans of DF’s brain
showed greater activation in her intact parahippocampal gyrus when she viewed scenes
compared to when she viewed faces, suggesting she retains some functionality in the
scene-processing network, consistent with her ability to classify scenes relatively well

when they are presented in full colour [29].
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For both scene and object perception, DF fairs better when colour cues are available. In
normally-sighted individuals, the fusiform and lingual gyri, which border the collateral
sulcus in ventral occipitotemporal cortex, activate more strongly to visual surface
properties, including colour, specular highlights, shading, pattern, and texture, than they
do to object shape [35,36]. Activation in LOC shows an opposite preference, suggesting
a lateral processing preference for object shape and a more medial and anterior
processing preference for surface and material properties [35-40]. In line with the nature
of her deficit in shape perception, DF’s performance in a three-item ‘oddball task’ falls to
chance levels provided the object-relevant property is shape alone [36]; When the
object-relevant property is texture, she performs at well-above chance levels, albeit still
below normal. In line with this dissociation, fMRI scans of DF’s brain while she
performed these tasks showed there were no areas with greater activation for the
shape-discrimination task than for the texture-based one, whereas the middle and
posterior lingual gyrus and posterior fusiform gyrus showed greater activation for the
texture-discrimination task than the shape-based one [36]. The spared aspects of DF’s
scene perception can be contrasted with the topographic associative agnosia
experienced by HJA, who is the most heavily studied patient with integrative visual
agnosia, a higher order visual disorder we turn to next, whose lesions are located more

medially and more anteriorally in the inferior occiptotemporal cortex.

Integrative visual agnosia

The term integrative agnosia was coined by Riddoch and Humphreys following a series
of experiments they conducted with patient HJA [17,18]. While in hospital for
appendectomy, HJA suffered a stroke perioperatively which left a large bilateral lesion
to the anteroventral half of his occipital cortex, extending about midway into temporal
cortex ventromedially. The stroke resulted in an upper field anopia and rendered him
achromatopsic, atopographic, prosopagnosic, alexic, and visually agnosic for common
objects [17,18]. Like DF, HJA’s acuity and contrast sensitivity were relatively good, and
he had no trouble identifying and describing objects by touch [18,41] or describing

objects named aloud by others [18]. Unlike DF, however, he performed well at Efron’s
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shape- and line-orientation discrimination task [13], his line-copy drawings of simple and
real objects were good, and he was well above chance on a non-verbal object matching
task using pictures of common objects [18,19,41]. Thus, the pattern of visual deficits
indicated impaired access to stored semantic knowledge through sight alone, which
suggested his disorder leaned more closely towards the associative end of the visual
agnosia spectrum. Indeed, MRI scans of HJA’s brain show that his lesions are more
anterior and more medial than DF’s, encroaching well into the temporal cortex and

include the fusiform and lingual gyri, and the inferotemporal gyrus [19,41,42].

Although HJA'’s deficit does not conform to the pattern typical of visual form agnosia,
additional testing suggested he experienced apperceptive deficits. For example,
although HJA'’s copies of line-drawn objects were better than those done by patients
with visual form agnosia (see Fig. 1), his drawings were done in a time-consuming,
piecemeal fashion [18,41]. Furthermore, HJA’s good object-matching performance
dropped substantially when the objects overlapped one another [18,19]. He was also
poor at classifying line drawings of objects as meaningful or meaningless, where the
meaningless objects were Frankenstein-like constructions comprised of component
parts from different objects [18]. HJA’s identification performance for objects presented
in isolation was significantly worse when they were line drawings than when they were
silhouettes; The silhouettes lacked details within the object that might normally aid
recognition, but these details appeared to confound him. HJA also takes ~2-4 times
longer than controls do to determine whether two beads are located on the same or
different strings that overlap one another; and, when the strings are configured to
resemble amoebas, to determine if two beads are on the same ‘string-amoeba’ or

different ones, or if a bead is inside or outside of a single string-amoeba [19].

These observations suggested to Riddoch and Humphreys that HJA possessed a deficit
in the ability to construct not a coherent percept per se but one that reflected the object
in its entirety and in segmenting clusters of objects or scenes more generally. Although
HJA could rely on local geometric features to work out what an object was, he exhibited

signs of impaired perception of the relations between object parts and the object as a
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whole. This idea is further supported by HJA’s performance on a choice-discrimination
task that used Navon-like stimuli in which a large object, which constitutes the ‘global’
level, is comprised of smaller objects, which occupy the ‘local’ level. In a popular task,
participants classify the global-level object as one type or another, while on other trials,
they classify the local-level objects as one type or another. When the global and local
levels share the same identity, they cue the same response and therefore operate
cooperatively. When the local and global levels differ, they can compete for different
responses provided the irrelevant level has been associated with a competing
response. However, when the irrelevant level is not associated with any response,
neither a cooperative nor a competitive effect is expected and the condition is
considered neutral. In normally-sighted individuals, performance is typically better when
the global and local level share the same identity and will show a modest discriminative
advantage for the global level over the local one. Using the letter-stimuli, however, HJA
is substantially slower and less accurate than controls. Moreover, although he shows an
advantage for the global level over the local one, his performance is slowest and least
accurate when classifying the local letters embedded in a neutral global one, suggesting
a particularly strong interference effect transitioning from the global to the local scale,
regardless of competing stimulus-identity and response associations [19].

Attention, spatial vision, and visual agnosia

HJA'’s deficit in integrating object components into a coherent whole and segmenting
overlapping objects reflects a deficit in the ability to integrate levels of the visual
structural hierarchy. By “structural hierarchy” we are referring to the way in which every
visual scene can be thought of as comprised of local and global geometric elements
relative to one another. Just as a laptop on a desk forms part of a larger scale desktop
scene or an even larger office scene, the visual structure of a laptop is comprised of
various smaller-scale components (e.g., screen, keyboard, touchpad), each of which
can be further segmented. A keyboard, for example, can be subdivided into keys, each
of which assumes one of a few different shapes and are positioned at different locations
within the keyboard. Each key possesses a printed letter or symbol, most of which can

be further subdivided into component contours and lines. Farah [6,43] suggested that
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selective attention played a crucial role in mediating the relationships between objects
and among the parts of objects. In other words, Farah believed selective attention
played a crucial role in shifting ‘the mind’s eye’ within and between levels of the

structural hierarchy.

Using this theoretical perspective, Farah [6] argued that damage to selective attention of
this nature could manifest, albeit rarely, in patients with what she referred to as “dorsal
simultanagnosia”. The dorsal reference stemmed from the preponderance of cases with
damage to dorsal parietal occipital cortex (POC) who exhibited this behaviour. Farah
wrote that the reported propensity of some of these patients to fixate on the parts of
objects rather than the whole reflected a deficit “... with seeing objects, or seeing them
at the “correct” level of the hierarchy of part-whole analysis; whatever dorsal
simultanagnosics can see, they can recognize.” (p. 38, [6]). The emphasis Farah placed
on the word ‘seeing’ suggests that she was referring to the content of visual awareness
in these patients — their visual phenomenology. At the same time, Farah noted that,
somewhat paradoxically, a deficit in the ability to transition between levels of structural
hierarchy can arise from damage to ventral cortical structures. Farah referred to these
cases as instances of ventral simultanagnosia. She used the term ‘ventral’ because the
location of damage tends to occur in ventral occipito-temporal cortex; and she used the
term ‘simultanagnosia’, because these patients have demonstrated impairments with
discriminating and reporting the letters of relatively simple and briefly presented three-
letter words and non-words [6,44].

Notably, the similarity of symptoms between dorsal and ventral simultanagnosia leaves
open the possibility that deficits in transitioning between and within levels of the
structural hierarchy of the array might arise from damage to the pathways that carry
signals between posterior parietal and occipito-temporal cortex. It is notable that HJA,
whose damage is restricted to ventromedial occipital-temporal cortex, exhibits his
strongest impairments when recognizing scenes, which occupy the pinnacle level of the
visual structural hierarchy and entails small and large-scale processing; when isolating

overlapping objects, which requires assigning the parts of multiple objects to their
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appropriate wholes and entails competition within scales and similar levels of the
structural hierarchy; and when matching objects when their parts are substituted for the
parts of other objects. This pattern of deficits is consistent with what might be expected
to occur following damage to structures that integrate information within and across
different levels of the structural hierarchy [45]. Put another way, HJA’s behavior implies
that damage to brain circuits that assemble visual representations at different scales of
integration can contribute to visual agnosia. In a subsequent section, we discuss further
evidence that is consistent with this viewpoint, based on neuroimaging work in normally-
sighted individuals and in patients with visual agnosia and spatial neglect. Nevertheless,
it is first important to clarify what is implied by the term selective attention as it relates to

structural hierarchy.

Selective attention and attention to scale

The term selective attention is used in the cognitive sciences to refer to a wide variety of
perceptual functions, including the selection of various spatial locations for privileged
processing [46], the selection of particular surface and material properties such as
luminance, color, and texture [47], the selection of objects and extended surfaces [48],
and even the selection of some items over others that have been stored in working
memory [49; for review see 50]. The form of selective attention implied by Farah [6] is
distinct from all these, since it refers to one or more of the many levels of structural
description for a scene or object. Other researchers have referred to this form of visual
selection as attention to the local versus the global aspects of a display [51,52] and as
attention to scene scale [53]. Each of these terms necessarily implies selective attention
to some aspects of space, to some features, to some objects, to some surfaces and so
on, but attention to each of these visual properties is circumscribed by the level in the
hierarchical description of a scene that is required to accomplish a perceptual task (e.qg.,

“attend to the shape of the tree” versus “attend to the shape of the forest”).

Selective attention to one level of scene scale over another level necessarily involves
aspects of visual function that have traditionally been studied under the separate

umbrellas of spatial attention (e.g., 46), attention to features [47,54,55], and object-
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based attention (e.g., 48,56,57). Yet note that the task of selectively attending to one
scene level over another means, by definition, that attention to spatial locations, featural
properties, and objects are not independent. Selecting any level of the scene hierarchy
implies attention to locations, features, and objects at that scale. For example, when
selecting at the level of “graspable object”, the object must be segmented from the
surface it rests on and the background behind it (separating figure from ground), and
the object’s location within the visual array, its spatial relationship between it and parts
of the viewer’s body (e.g. eyes, head, and limbs), its surface properties such as its
texture and its volumetric shape at different scales (e.g., curved vs. rectangular at larger
vs. smaller scales) must all be registered by the motor system to successfully guide the

hand to grasp and manipulate the object appropriately.

From this perspective, it is informative to discuss the effects on DF, who possesses
visual form agnosia, of manipulating selective attention at the level of objects. Normally-
sighted and neurologically-intact individuals are generally slower to discriminate targets
that are preceded by invalid spatial cues (for a review see 58). This cost is associated
with the processing time it takes for spatial attention to disengage the cued location and
engage a different location that the target occupies [46,59]. The crucial twist to this
finding is that participants are faster to respond if the target and a preceding spatial cue
are located within the boundaries of the same object, even when the spatial cue is
invalid [48]. In other words, the boundaries of the object define a local region in which
selective attention can spread, reducing the processing costs of reorienting attention to
a new location that would ordinarily occur on invalidly cued trials. This effect is thought
to operate in conjunction and in parallel with spatial attention and has been called
‘object-based attention’ [48,56,57]. When DF performs a standard spatial-attention task,
her processing time costs for invalidly-cued spatial targets are akin to those observed in
normally-sighted controls. Furthermore, like in normally-sighted controls, she showed
greater processing costs for vertical over horizontal shifts in cued spatial attention [60].
Thus, DF’s spatial attention appears to be intact. Importantly, however, DF did not show
the typical advantage for within-object spatial cueing over between-object cuing [60]. In

fact, her performance, unlike that of the controls, merely reflected a known increased
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processing cost for vertical shifts in attention over horizontal ones, whereas, for the
controls, this cost was overcome provided object-centered attention was invoked [60].
Thus, for DF, damage to LOC meant that there was no shape content or shape

processing for object-centered attention to operate on.

These results of object-centered attention measures in DF suggest that structures in
visual cortex that are dedicated to processing object form, which are damaged in her
brain, are recipients of the modulatory influence of spatially-cued attention on
performance. The neural correlates of attention in an object-centered context have also
been studied using tasks in which participants attend to one or the other of two
superimposed images, not unlike the superimposed image recognition and
discrimination tasks on which many patients with visual apperceptive agnosia exhibit
performance deficits. Two advantages of using superimposed stimuli are that (1) they
control for differences in low-level visual features, because the visual input is identical
across two or more tasks, leaving the perceptual and cognitive operations performed on
the visual input to systematically differ; and (2) they control for large-scale spatial
attention. When participants view an image of a house and a face superimposed on one
another, for example, activation in PPA is enhanced whenever attention is deployed to
the house, while activation in the fusiform face area (FFA) is enhanced whenever
attention is deployed to the face [61-64]. Orienting attention from one image type to the
other is associated with the ventrolateral prefrontal cortex, the posterior superior parietal
cortex, and ventral occipito-temporal cortex. Furthermore, consistent with feedback
based on attentional modulation, enhanced activity in the PPA and FFA is associated
with local potential responses occurring ~200 ms or later, well after image onset [61].
These studies highlight the influence of attention on visual perception across different

stimulus classes in ventral visual cortex.

Support for the view that selective attention to scale aids the construction of the content
of visual awareness comes from studies that induce inattentional blindness (for review,
see 65). In these studies, participants perform difficult tasks wherein they are asked to

track, detect, or classify stimuli under attentionally-demanding conditions and the
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difficulty of the task is varied in order to induce inattentional blindness. In some task
variants, participants track moving objects or count the number of instances in which
they see a number during a rapid serial visual presentation (RSVP) of images. The
primary target stimuli are mixed into a ‘noise’ background comprised of, for example,
random patches of different colours. On critical trials an unexpected scene or object is
presented, and participants are asked if they were aware of anything different on that
trial. When the primary task difficulty is increased, for example, by increasing the speed
at which the tracked-stimuli move, participants typically fail to notice unanticipated
scenes [66]. Inattentional-blindness and dual-task paradigms have also been used to
demonstrate the importance of attention for the extraction of summary statistical
information about variance in the colour and size of ensembles of objects [67].
Interestingly, the perception of scenes and ensembles and the neural correlates of
these processes has been both behaviourally and anatomically linked: performance on
scene-perception tasks is correlated with performance on ensemble-perception tasks
[68] and scenes and object ensembles are processed in overlapping structures
bordering the collateral sulcus in ventral visual cortex [69-72], areas that are damaged
in patient HJA.

The cortical structures associated with the control of selective attention to scale

Figure 2 highlights the visual pathways out of occipital cortex that serve visual
perception and the pathways out of the dorsal and ventral parietal attentional centres of
the superior and inferior parietal lobe, respectively, that putatively influence visual
perception. The upper panel shows a ventral view of the right hemisphere and
schematically illustrates, in orange, yellow, and red, the following well-established
pathways: the inferior longitudinal and inferior fronto-occipital fasciculi (IFL and IFOF)
and the occipito-temporal projection system (OTPS), that deliver visual signals out of

occipital cortex to the temporal and prefrontal cortex.

The lower panel of Figure 2 shows a three-quarter view of the posterior right
hemisphere and overlays schematic illustration of the pathways out of parietal areas

that are associated with the control of selective attention to scale and those associated
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with higher-level cognitive operations. The more recently studied subset of these
pathways, illustrated in light green, interconnects the intraparietal and posterior inferior
parietal attentional centers in the intraparietal and posterior inferior parietal cortex to
structures in the occipito-temporal and temporal cortex that are associated with visual
perception. These pathways can potentially carry selective attention signals directly,
and therefore rapidly, between the attentional centres and the visual cortical structures
necessary for the typical construction of the content of visual awareness. These direct
pathways are well-positioned to aid not only in the construction of moment-to-moment
phenomenological vision, but also in the selection of semantic information stored in the
temporal lobe necessary for the selection of appropriate grasp points on complex

objects, such as tools, that are suitable for their intended use.

The pathways illustrated in blue in the lower panel of Figure 2 reflect connections out of
the dorsal attention hub of the superior parietal lobule that interconnects the superior
parietal and intraparietal cortices (SPC and IPC) and dorsal prefrontal and premotor
cortex, bilaterally, and includes core areas that are engaged when attention is
voluntarily deployed from one spatial location to another and during the planning and
execution of eye movements [73,74]. The ventral subnetwork is lateralized to the right
hemisphere and is comprised of structures in the ventral prefrontal cortex and the
ventrolateral inferior parietal cortex, caudal superior temporal cortex, and the anterior
dorsolateral occipital cortex [73,74]. Both subnetworks are associated with the
intentional deployment of spatial attention and its maintenance, but the ventral
subnetwork is engaged when covert attention is ‘captured’ by stimuli that possess

salient and task-relevant components [73,74].
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Ventral visual pathways
occipito-temporal projection
system (OTPS)

ILF
=5 |FOF

<= uncinate fasciculus

Direct attentional pathways
vertical segments of the pSLF

Indirect attentional pathways
temporo-frontal segments of
AF and SLF-IlI

<= pIPL and aDLOC to DLPFC
components of SLF-II

<= |PS to DMPFC components
of SLF-I

LOS AOS

Fig. 2 Neural pathways carrying visual and selective attentional signals out of the occipital and
parietal cortex, respectively, that are associated with visual perception. Top Panel: Connections that
carry visual signals from occipital cortex to temporal and frontal cortex in the inferior half of the human
brain. The lateral and most superficial connections are the U- and neighborhood-fibers that comprise the
occipito-temporal projection system (OTPS), depicted in orange. Medial to the OTPS and slightly deeper
lies the inferior longitudinal fasciculus (ILF), depicted in yellow, which is the first of two long fascicles that
run along the rostro-caudal axis. The ILF terminates in the anterior third of the inferior temporal cortex.
The second is the inferior fronto-occipital fasciculus (IFOF), depicted in red, which terminates in radiating
fan shape within the prefrontal cortex in a dorsoventral axis. Bottom Panel: Components of the superior
longitudinal fasciculus (SLF) and arcuate fasciculus (AF) that connect attentional centres in intraparietal
cortex (IPC) and posterior inferior parietal lobule (pIPL) to prefrontal cortex (e.g. the dorsolateral
prefrontal cortex, DLPFC) and to visual areas in temporal cortex. The pathways linking IPC and plIPL to
visual areas in the occipito-temporal and temporal lobe are depicted in light green and putatively reflect a
means for the attentional hubs to rapidly and directly influence visual perception and to select relevant
semantic functional information about goal objects for visually-guided actions, like grasping. Components
of the SLF and AF that serve the traditional fronto-parietal dorsal and ventral networks are depicted in
different shades of blue, with the most posterior component belonging to SLF-II, terminating in the
anterior dorsolateral occipital cortex (aDLOC). Landmark sulci are denoted as follows: AOS, anterior
occipital sulcus; ATCS, anterior transverse collateral sulcus; IPS, intraparietal sulcus; LOS, lateral
occipital sulcus; POS, parieto-occipital sulcus; SOS superior occipital sulcus (posterior IPS); TOS,
transverse occipital sulcus. Landmark gyri are denoted as follows: AG, angular gyrus; FG, fusiform gyrus;
IOG, inferior occipital gyrus; ITG, inferior temporal gyrus; LG, lingual gyrus; MFG, middle frontal gyrus;
MOG, middle occipital gyrus; MTG, middle temporal gyrus; PHG, para-hippocampal gyrus; SFG, superior
frontal gyrus; SMG, supramarginal gyrus; SOG, superior occipital gyrus; STG, superior temporal gyrus.
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Visuospatial neglect and selective attention

Neglect is conventionally considered a deficit in deploying spatial attention to objects in
the contralesional field [75]. As we have discussed, this function is closely associated
with the dorsal and ventral attention subnetworks [73,74]. Classic methods for testing
neglect include the line-bisection task [e.g., 76,77], in which the patient is asked to
indicate the center of a line that is oriented from left-to-right, and cancelation tasks [e.qg.,
78,79], in which the patient is presented with a cluttered page illustrated with objects
and is asked to mark each one of the objects or instances of a particular object amongst
a mix of different object types. In both tasks, the patients perform as if they are biased
towards the ipsilesional side of the line or page. In other words, the patient behaves as
if they ignore the side of space that is opposite to the hemisphere their lesion is located
in [80]. Lesion analyses of patients with spatial neglect reveal right-hemispheric damage
to the ventral subnetwork, including the superior temporal gyrus, supramarginal gyrus,
angular gyrus, inferior and middle frontal gyri, the anterior insula, the frontal operculum,

and the white matter pathways that underly these areas [81-88].

Like visual agnosia, more recent research with neglect patients is based on a diverse
set of tasks. Contemporary assessments for spatial neglect contain combinations of
tests like line bisection, cancellation, figure copying, representational drawing (see, for
example, the Behavioral Inattention Test [89]), and word and sentence reading tasks
[e.g., 90]. Crucially, performance on assessments for neglect can vary considerably
from patient to patient. In fact, double dissociations have been demonstrated where one
patient exhibits neglect in one subtest (e.g., line bisection) but not another (e.g.,
cancellation), whereas another patient exhibits the reverse pattern [91]. Double-
dissociations such as these indicate that these tests recruit different underlying
processes and neural substrates that can be damaged independently. Thus,
visuospatial neglect, like visual agnosia, does not constitute a uniform disorder (for
reviews see [90,91]). Indeed, recent lesion analyses accommodate these differences by
categorizing tests based on whether they rely more heavily on patient-centered (i.e.

egocentric) spatial reference frames, which characterize the more classic symptoms of
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neglect that are tethered to the patient’s contralesional visual field or side of space, or

on object-centered reference frames, which we discuss in the next section.

Object-centered neglect and object-centered attention

Despite the conventional viewpoint that neglect is a deficit in deploying spatial attention
to the visual field or side of space opposite the hemispheric side of the lesion [75], it is
clear that a subset of neglect patients experience deficits in object-based perception,
regardless of the object’s location in the visual field [92,93] (for review see [75,93]). One
set of tests that highlight the object-centered aspects of neglect are cancellation tasks
[94,96,97]. In these tasks, the patient is presented with a scene of items and is asked to
indicate target items. They are elegant because the patient views the same visual scene
and, therefore, the experimenter can manipulate the scene itself while keeping the task
demands the same or they can keep the scene the same while manipulating the task
demands [98]. In some versions of the task, the targets appear scattered throughout the
scene, embedded in a background full of distractor items. In a pioneering study by
Driver and Halligan, two groups of multiple short lines were distinguished by colour and
located on opposite sides of the display [94]. The patient’s task was to cross each line
out, regardless of which group the line belonged to, under conditions of free viewing in
which neither the patient’s eyes nor the head are fixed. Remarkably, the patient omitted
lines to the left within both groups [94]. It was as if the lines were grouped into a holistic
unit, presumably driven by the Gestalt principles of proximity, similarity of form and
colour, and by figure-ground separation. Thus, this finding suggests that visual neglect
can impair Gestalt-grouping processes that integrate spatial and object information —

the very processes that would aid ensemble perception.

The cancellation task was enhanced by Ota and colleagues, who created a scene
comprised of two target types that differed from one another by only a subtle change in
one of their parts [99]. Circles, for example, served as one target type while variants of
the circle that had a small gap in them on either the left or right side served as a
second, ‘partner’ target type. A variant set of target types was created that was

comprised of triangles and trapezoids. The latter were made by flattening one of the
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corners of the triangle, such that the two object types were distinguishable merely by
this flattened part, which, like the gap, could occur on the left- or right-side of the
triangle. The task was to indicate each instance of one object type with one kind of mark
(e.g., circling the triangles) and to indicate each instance of the other, ‘partner’ object

type with a different mark (e.g., crossing-out the trapezoids) [99].

Ota and colleagues tested two patients. The first patient possessed lesions to the
insula, anterior superior temporal gyrus, and inferior frontal gyrus. In accordance with
classic egocentric or patient-centered neglect, this patient tended to miss targets
located to the left-hand side of the page, regardless of what target-type they were. The
second patient possessed lesions that were more posterior, involving the angular gyrus
and posterior superior and middle temporal gyri. Interestingly, regardless of where the
first target type (triangles or circles) was located on the page, this patient performed just
as well as the first had for targets located in their ipsilesional (i.e. ‘good’) field. In other
words, the second patient with more posterior damage showed no unusual tendency to
miss targets in contralesional space. Crucially, however, this patient omitted targets
when the distinguishing part of those targets occurred on the left-side of the object,
regardless of where the objects were located in the scene, indicating a deficit in

attention to local-scale in the contralesional side of the object.

Lesion analyses reveal the neural correlates of object-centered neglect

A number of groups have used lesion analytical techniques to identify abnormal voxels
in large groups of neglect patients relative to neurologically intact or neurologically
compromised controls. The analysis involves correlating these abnormal voxels with
different symptoms as assessed by different tests. Chechlacz and colleagues
administered a modified version of Ota’s cancellation task, called the apples-
cancellation task to 41 patients in order to quantify the severity of patient-centered and
object-centered neglect [81]. In-line with the view that object-centered and patient-
centered neglect were distinct subcomponents, they found that the severity of deficit in
each was uncorrelated. Additionally, the voxel-based analytical techniques that involved

morphometry and lesion-symptom mapping provided converging support for separate
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clusters of regions underlying patient- and object-centered neglect. Regions associated
uniquely with object-centered neglect were located in the posterior right hemisphere and
included the right middle occipital gyrus, the angular gyrus, and adjacent posterior
regions of the inferior, middle, and superior temporal gyri. These analyses also
identified the superior longitudinal fasciculus, the inferior fronto-occipital fasciculus, and
the inferior longitudinal fasciculus, suggesting the involvement of these pathways in

selective attention to scale.

Verdon and colleagues tested 80 patients with a battery of tests in order to perform a
principal components analysis on the resultant scores to discover latent factor
groupings of the tests. Among the tests was the Ota cancellation task and a similarly
constructed compound-word reading task, which entails separately tabulating the
number of omissions of the whole word as a function of the side of the page the word
appears in, along with tabulating the number of omissions of the left- and right-word of
the compound words, regardless of where they occur on the page. Verdon and
colleagues performed voxel-based lesion-symptom mapping (VBLM) which combined
the patient-specific factor scores, which were derived from the battery of ‘pen and
paper’ tests, with the MRI scans of the patients’ brains [88]. They found three factors
that accounted for 82.1% of the test score variance. Again, in-line with the view that
object-centered neglect is a separate component of neglect, the object-centered
components of the Ota cancellation and word-reading tasks loaded strongly and
uniquely onto one of the three dominant factors [88]. Furthermore, the patient scores for
this factor correlated less with the other two factors than the patient scores for the other
two factors correlated with one another, reinforcing the notion that the object-centered
components of the test probe a distinct function [88]. The VBLM localized the structures
associated with this distinct function: Variance in the object-centered factor was
maximally associated with damage to the white matter adjacent to the middle temporal
gyrus [88], indicating a crucial role in the long white matter pathways connecting the
occipital cortex to the temporal and frontal cortices in scale attention. Of the patients
with the most severe deficits on the object-centered tests, half possessed lesions

extending from the occipital to the medial temporal lobe, whereas the other half
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possessed lesions that extended more laterally and anteriorially into the temporal cortex
[88]. This final observation might reflect a difference in linguistic emphasis between the
two object-centered tasks, with poor performance on the non-linguistic Ota task

associated with damage to the posterior regions.

Chechlacz and colleagues used anatomic likelihood estimation to perform a meta-
analysis of 10 lesion-overlap studies that involved a combined 700 patients with
visuospatial neglect [82]. The analysis separated tasks that were geared to reveal
patient-centered impairments from those geared to reveal object-centered ones.
Regions associated with object-centered deficits were located entirely in the parietal
and occipital cortex. The clusters with the largest ALE values included the right posterior
middle temporal gyrus and adjacent white matter pathways of the posterior superior
longitudinal fasciculus (SLF), the right middle occipital gyrus, the anterior angular gyrus,
the IFOF, and the white matter underlying the anterior superior parietal lobule (SPL).
Again, these findings imply that object-centered neglect is associated with damage to
cortical regions associated with visual perception, the ventral attention network, and the
pathways that likely carry signals from these areas to prefrontal targets, suggesting
these structures are involved in constructing object-centered content of visual

awareness.

Pathways involved in selective attention to scale

The notion that selective attention to scale plays a role in the mental construction of
objects and scenes is supported by the connectivity of the vertical and posterior-most
components of the SLF, illustrated schematically by the light green lines in the lower
panel of Figure 2. These cortico-cortical components would be capable of carrying
attentional signals directly between the dorsal and ventral subnetworks along the
intraparietal cortex (IPC) and temporal-parietal junction (TPJ) and inferior
occipitotemporal cortex, where damage is associated with visual object agnosia. The
figure also makes clear the long horizontal connections to cortical targets in the
prefrontal cortex through which dorsal and ventral parietal attention subnetworks

operate indirectly on visual perception. These regions control eye movements (e.g.,
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frontal eye fields) and host broadly distributed executive responsibilities that require
control over ‘internal’ attention for goal, task, and response selection and inhibition,
spatial and verbal working memory and visual search (e.g., [100-102]) and closely align
with the set of cortical structures that comprise a multiple demands network [103].
Duncan has argued that the role of this large network is to construct what he refers to
as ‘attentional episodes’ over brief task epochs during which the network configures and
structures cognition (and constituent processes) suitably for solving a sub-goal on its

way to completing the task [104,105].

Ventral visual perceptual pathways out of occipital cortex

There are at least five major intra-hemispheric pathways along which visual information
is conveyed between the occipital lobe and the rest of the brain: the inferior longitudinal
fasciculus (ILF), the medial longitudinal fasciculus (MLF), the superior longitudinal
fasciculus (SLF), the inferior fronto-occipital fasciculus (IFOF), and the occipto-temporal
projection system (OTPS). The ventral visual pathways that are well-studied and closely
associated with visual perception (the OTPS, ILF, and the IFOF) are schematically
illustrated in orange, yellow, and red, respectively in Fig. 2. These three pathways
complement one another. The long, horizontal connectivity of the ILF [106-109] and
IFOF [110-113] afford direct and rapid transmission of visual information between lower
and higher levels of the visual processing hierarchy and prefrontal structures associated
with executive processing, respectively. These pathways are thought to support the
rapid construction of initial estimates, ‘hypotheses’, or ‘primitives’ of higher-level
descriptions of the content of the visual array (e.g. [114]). These primitives can then be
reinforced or rejected with subsequent volleys of visual input through the serial,
stagewise U-shaped and neighborhood-fibre projections of the OTPS, which help refine
lower- and intermediate-level structural descriptions [106,115]. Thus, the ILF, OTPS,
and IFOF are crucial bidirectional pathways that transmit visual sensory input for
elaboration and integration with semantic information in the medial temporal lobe. The
SLF, on the other hand, can be subdivided into pathways responsible for the regulation

of spatial attention, which are shown in Fig. 2, for conveying visual input to the
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sensorimotor structures of the posterior parietal and premotor cortices, and for the
production and comprehension of speech.

Electrical stimulation of the ILF and the IFOF

The involvement of the ILF and IFOF in visual object processing is further supported by
electrical brain mapping studies of patients undergoing awake surgical resection for
small lesions in posterior temporal or occipitotemporal cortical areas adjacent to the ILF
and in the superior temporal, inferior parietal, and frontal cortical areas adjacent to the
IFOF. Mandonnet and colleagues found that stimulation at the junction between the
fusiform and inferior temporal gryus elicited errors when the patient named common
objects presented as line drawings [116]. Their patient misidentified, for example, an
armchair as a mirror and a mask as a cat. What is interesting about the nature of these
errors is the structural similarity between the object depicted and the one perceived (see
Fig. 3). The back of the armchair resembles a classic, hand held ovoid mirror, complete
with a curvilinear line inside it that is intended to illustrate the convexity of the chair's
back-cushion but could be mistaken for glare or the reflection of a curvilinear object in
the hand-held mirror. Interestingly, a failure to integrate the legs of the chair into the
percept would exacerbate the misperception of a mirror, as would a reliance on part-

based recognition.

Figure 3. Two sample images from the Boston Naming
task that were misnamed (left), along with their
putative ‘percepts’ when patients were undergoing
electrical stimulation (right) [116]. Top left: chair; Bottom
left: mask. The pictures on the right represent possible
‘mental pictures’ (percepts) that result from failures of
selective attention to scale rather than mere failures to
name what is seen. The top right panel illustrates what
might result from a failure to select and integrate the seat,
legs and arms of the chair, leaving only the back of the
chair, which does resemble a mirror complete with a minor
reflection. The bottom right panel illustrates what might
result following a failure to select and integrate the nose
and mouth of the mask, resulting in something that
resembles a cat. The mask’s string is misinterpreted as the
body of a resting cat.
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Recall that HJA’s reliance on part-based recognition led him to misidentify line drawn
objects and that his recognition performance improved when the local details of line
drawn objects were removed by filling the object in with black to create silhouettes. For
the case in which the electrically-stimulated patient misidentified the mask as a cat, a
failure to consider the detail of the mouth cut-out of the mask, and an over-reliance on
the top of the mask, which resembles the ears of a cat, helps explain the
misidentification error. Furthermore, the mask’s string can be misinterpreted as outlining
the boundary of a cat’s body. A failure in figure-ground segmentation for the space
between the string and the mask as background, therefore, can also help explain the
error. Remarkably, this patient also reported that the line drawings appeared 3D during
stimulation, highlighting the importance of visual depth processing and spatial vision as
Lissauer argued over a century ago. Notable too, is that the spherical resection (~1.5
cm) was localized to the right ventrolateral occipital cortex and resulted in novel
postoperative central visual deficits in shape, face, and word perception [116]. Although
these deficits were resolved three months after surgery [116], these observations
suggests that these regions were crucially involved in object-based visual perception
before, presumably, neural plasticity allowed other regions to assume the role of the

lesioned structures.

Coello and colleagues used a similar task, this time presenting two pictures, one to
each visual field [117]. Subcortical stimulation of the ILF above the right fusiform gyrus
resulted in failures to name the picture presented in the left visual field but no failure to
name the picture presented in the right visual field. The patient affirmed they saw the
object, denying any visual disturbance, yet could not name it, suggestive of pure optic
aphasia. In two additional patients, intraoperative stimulation of the ILF led to
impairments in reading short sentences and in symbol recognition [118]. These patients
remarked that they experienced difficulty combining individual letters into intelligible
words and were only able to spell words letter-by-letter, which is strikingly reminiscent of

Farah’s descriptions of ‘ventral simultanagnosia’.
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Electrical stimulation to the surface of the posterior aspect of the left middle and
superior temporal gyri and to the IFOF beneath the superior temporal sulcus also
induces picture-naming errors on the Pyramids and Palmtrees Task [120-122]. In this
task, three line-drawings are shown to the participant, a sample, its semantic match,
and a distractor. For example, a pair of hands should be matched with its target, a pair
of gloves, as opposed to the distractor pair of shoes. The participant’s task is to point to
the semantic match (the pair of gloves, in the example given). Electrical stimulation to
the IFOF produced incorrect or no responses whatsoever, with some of the patients
expressing confusion about what they were looking at [120,121]. Taken together, the
evidence suggests that these ventral pathways are crucial for transmitting attentional
and structural information to posterior ventral areas involved in the mental construction
of conscious visual experience and the downstream anterior areas involved in linking

percepts with their associated semantic features, including their verbal labels.

Electrical stimulation of ventral occipito-temporal cortex and high-level visual perception
Recent studies have demonstrated that high-level cortical regions within the ventral-
stream of visual processing are associated with the mental construction of conscious
visual experience. For example, Parvizi and colleagues studied a patient who had
electrodes implanted into his right inferior temporal lobe, to probe the location of
pharmaceutically-resistant seizures [123]. Electrical stimulation of two of these
electrodes, which were located on the posterior and middle aspects of the lateral bank
of the right fusiform gyrus (i.e., overlapping FFA, as confirmed in a separate fMRI
session), had a striking effect on the patient’s conscious perception of faces. Namely,
the stimulation caused the patient to experience facial hallucinations, during which he
remarked “You just turned into somebody else. Your face metamorphosed”, and “You
almost look like somebody I've seen before, but somebody different. That was a trip....
It's almost like the shape of your face, your features drooped” (both p. 14918) [123].
Importantly, electrical stimulation of these electrodes did not produce the same effect
when viewing non-face objects, and sham stimulation of these electrodes and
stimulation of nearby, but non-face-selective electrodes did not cause distortions in the

patient’s perception of facial features [123].
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Mégevand and colleagues examined a patient who was undergoing presurgical
evaluation for treatment-resistant epilepsy and had several electrodes implanted into his
right frontal and temporal cortices [124]. Separate fMRI and intracranial
electroencephalography (IEEG) sessions determined the location and functional
responsivity of scene-selective regions of cortex in the medial fusiform gyrus and
collateral sulcus, overlapping the parahippocampal place area (PPA) [124]. Direct
electrical stimulation of these regions induced topographic, scene-based hallucinations
based in part on the patient’'s memories of particular places. For example, the patient
reported seeing his optometrist’s office and on a separate occasion a train station in his
neighbourhood [124]. Taken together, these findings from the electrical stimulation
studies of FFA and PPA results strongly suggest a causal role for these structures in the
construction of our moment-to-moment visual experiences of face and scene-based

perception.

Parallel visual object and spatial processing

Studies of visual agnosia have also helped illustrate the parallel nature of visual
processing across different functional and behavioural end-points. These issues have
been studied in the context of reaching out to grasp and manipulate objects in a few
visual agnosics, most notably DF and HJA. To reach out and grasp an object
successfully, the visual system must analyze the 3D geometry of an object and combine
this analysis with the agent’s goal and stored functional information about the object in
order to select grasp points along with an appropriate grasp type (e.g., a whole hand or
a pincer grasp). This suite of information must also incorporate a set of unintuitive
spatial relationships among our limbs, body, head and eyes, and the object itself. All of
these computations are performed within fractions of a second and with little conscious
effort in neurotypical individuals just prior to the initiation of the reach. On the basis of
electrophysiological recordings in non-human primates, contemporary theories of
visuomotor control implicate a cortical network spanning the parietal, prefrontal, and
occipital cortices for coding the spatial transformations that underlie goal-directed eye

and limb movements.
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962

963 Despite DF’s impairments in the perception of object size, shape, and orientation, when
964  she reaches out to pick up a goal object, her hand configures in-flight to suit the size,
965 shape, and orientation of that object [14,25,125]. The same counter-intuitive result was
966 observed in visual form agnosic patient JS, when he was tested with the same sets of
967 shapes [126]. Despite the similarity between JS and DF in terms of their perceptual

968  deficit in shape and orientation perception, JS’s lesions are restricted to the

969 ventromedial occipitotemporal cortex, rather than the ventrolateral site in DF.

970  Furthermore, the published scans outlining the extent of the lesion in JS’s brain strongly
971 indicate the involvement of the IFOF, ILF, or both. The involvement of the ventromedial
972  occipitotemporal cortex and its underlying white matter reinforces the viewpoint that

973  shape processing for perception engages a network of a number of different cortical
974  structures along the ventral visual pathway [34].

975

976  Consideration for the role that scale attention must play in the selection of different parts
977 of complex objects, particularly when those parts possess different functions, is also
978 important for grasping complex objects, like tools. Here, DF and HJA’s grasps reveal
979  important shortcomings. For example, when reaching to pick up a hammer in order to
980 demonstrate its use to an experimenter, DF will reach for the end of the tool closest to
981 her, rather than for the handle, regardless of the hammer’s orientation [127]. It is only
982  after her hand makes contact with the hammer and explores it haptically that she

983  adjusts her hand’s posture to grasp the handle, before lifting the hammer up and

984 demonstrating its use successfully. Normally-sighted individuals will reach for the

985 handle, regardless of its orientation, presumably because this is the most efficient way
986 to transition from acquiring the hammer to using it. The visual nature of DF’s deficit in
987 shape perception impairs her ability to use geometric form to cue semantic information
988 about what the object is and how its different parts should be used.

989

990 DF’s problems with selecting object parts for grasping is also evident in her inability to
991  select the appropriate part of a 3D cross when asked to grasp and rotate it 45 degrees

992  clockwise [127]. When asked to perform this task, normally-sighted individuals adjust
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the orientation of their grasp aperture before making contact with the cross, taking into
account the starting orientation of the object and its desired orientation in order to
minimize awkward transitional hand configurations and wrist rotations. Unlike controls,
DF adopts a default strategy, grasping the cross at a relatively consistent angle,
regardless of the cross’s orientation [127]. This means she ends up grasping the

intersection of the cross as much as she grasps one of the bars of the cross.

Relative to DF, HJA’s visual shape perception was by and large spared, and both his
grasps when directed at simple ‘Efron’ blocks and his performance when posting
‘letters’ were normal [45]. Like DF, however, HJA's reaching and grasping ability was
limited to simple objects, even though his perception of object shape and orientation
remained largely intact. When the objects were tools that possessed parts with distinct
functions, he was unable to select the appropriate part to grasp. This suggests the
medial occipitotemporal cortex’s involvement in the integration of semantic information

for the selection of object parts for functional grasps [45].

DF and HJA retain a parietal pathway for the visual analysis of 3D geometry for visually-
guided actions directed at objects with few distinct parts. However, while DF’s lesions in
the ventral cortex are localized to ventrolateral occipitotemporal cortex, HJA’s lesions
are confined to the ventromedial anterior occipital and temporal cortex. This suggests
that the ventromedial temporal cortex plays a crucial role in scale attention for
segmenting objects, particularly in cases where semantic information normally aids in

the selection of appropriate object parts for grasping.

Pathways underlying visual shape processing for action

The pathways that carry visual signals between visual and premotor and motor cortex
are subcomponents of the three divisions of the superior longitudinal fasciculus (SLF;
(see also Fig. 2). The SLF is the largest of the long association fibers that are
associated with vision [128-132]. SLF-I is the dorsomedial-most of the three divisions
and it interconnects the precuneus of medial posterior superior parietal lobule with

medial superior frontal gyrus, premotor, and motor areas of the dorsal frontal cortex
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[128-132]. SLF-Il is situated ventrolaterally relative to the SLF-I, interconnecting the
anterior dorsolateral occipital cortex and adjacent angular gyrus in the inferior parietal
lobe with the middle frontal cortex [128-132]. The SLF-Ill is a shorter fiber pathway that
interconnects the supramarginal gyrus with the inferior frontal gyrus in the ventral frontal

cortex.

Lesions to cortical structures in and around the anterior intraparietal sulcus (alPS) have
long been known to result in deficits in reaching for objects to pick them up, the in-flight
configuration of the hand, the selection of grasp points on the target itself, and the
dexterous finger movements that unfold after the hand makes contact with it [133-138].
Different lines of evidence in neurotypical and normally-sighted individuals support a
necessary role for the alPS in visually-guided grasping. For example, functional-MRI
activation in the alPS of normally-sighted individuals is greater when they reach for
objects to pick up using their index-finger and thumb (a ‘pincer grasp’) than when they
merely reach for them to touch with their index-finger or knuckle [133,139-141].
Moreover, transcranial magnetic stimulation (TMS) to alPS disrupts the formation of the
in-flight grasp aperture [142,143] and increases the area over the object in which the
fingers first make contact [144], strongly suggesting a role for the alPS in the selection
of grasp points. Notably, the alPS forms part of a larger, left-lateralized ‘praxis network’
involving the premotor cortex that is involved in the timing and sequencing of goal-

oriented muscle movements [e.g., 145; for review, see 146].

Visual agnosia and semantic contributions to visually-guided grasping

One open guestion that visual agnosia may help address is how semantic information
about an object, including its use, is delivered to the visuomotor structures in the PPC
and premotor cortex. When we reach out to pick up complex goal objects that are made
of constituent parts that possess different functions, semantic information about the
object along with shape and surface-based visual processing must be integrated into
the motor plan in order to select grasp points that are suitable for using the object in its

intended manner.
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We have suggested that the vertical and posterior components of the SLF that
interconnect ventral and lateral occipitotemporal cortical areas with the posterior parietal
cortex might mediate direct interactions between cortical sources of semantic
information about the functional parts of complex objects, like tools, and cortical sources
involved in the selection of hand postures and grasp points for motor planning and
execution. In line with this notion, fMRI activity in praxis network areas, including the
posterior middle temporal gyrus and LOC, areas associated with the vertical SLF, are
more active when viewing real tools vs. Frankenstein-like objects that are made from
the parts of different tools [147]. Furthermore, dynamic causal modelling suggests fMRI
activity in the LOC leads activity in alPS when participants view pictures of tools,
relative to pictures of non-tool objects that possess a similar, size, shape, and
orientation [148]. Moreover, real tool use invokes fMRI activity in these same structures

as well as others in the praxis network [145,149-151].

With a handful of noted exceptions, there are only a few detailed studies of the reach-to-
grasp actions of patients with visual agnosia. This is likely because these patients often
times show no obvious problem reaching for and acquiring objects. Nevertheless, as
case studies of HJA and DF have shown, careful laboratory observation can reveal
important impairments in the selection of suitable object parts, particularly when the
selection depends on visual access to semantic, functional information about what the
object is and how to use it. Quantifying patterns of deficits and spared abilities and the
location and extent of neural damage allows us to test our ideas about the causal

relationships between function and anatomy.

Neglect and the role of object-centered attention in visually-guided grasping

A related open question concerns the role that attention plays in the construction of
motor plans for goal-directed action like reaching for and grasping objects. A few
studies have investigated different aspects of reaching and grasping in neglect patients.
When patients with neglect are presented with an object to pick up, the path the hand
takes from its initial resting position deviates towards a distractor object, provided the

distractor is located on the ipsilesional side of the target [152]. Interestingly, the hand’s
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in-flight grasp aperture remains unaffected, suggesting that neglect, and presumably
selective attention to scale, can operate on different components of reaching and
gasping movements, similar to the distinction between spatial (target location) and

object-centered (the selection of grasp points) components of neglect.

Pritchard reported the results of a case of visual neglect in which the patient’s
perception of the size of a target object presented in the contralesional visual field was
compressed relative to when the same object was presented in the ipsilesional field
[153; see also 154]. Remarkably, when the patient was asked to reach for and pick up
the object, her in-flight grasp aperture reflected the bar’s real size regardless of whether
the object was presented in the contralesional or ipslilesional field [153]. Unfortunately,
detailed scans of the patient’s brain were not published. Nevertheless, the authors
described the site of the lesion as right occipitotemporal cortex, extending into the
medial temporal lobe. The extent along the superior-inferior dimension was left
unspecified. Thus, it appears that the damage spared the dorsal PPC, along with those
structures around the intraparietal sulcus that are engaged when we reach for and pick-

up goal objects.

It is also worth noting that there were other signs the patient’s visual perception may
have been abnormal. She could not, for example, complete the Benton visual form
discrimination task [154]. This task entails matching a target ‘set’ of three objects
against four sample sets, only one of which is identical to the target set. The remaining
three foil sets contain objects that are either arranged differently with respect to one
another, or some of the objects within the set differ in a subtle way from their
correspondents in the target set. In short, this task strikes us as requiring selective
scale-based attention, which would appear to have been severely compromised in the
patient. Given the description of the lesion, it is possible that the damage to this
patient’s occipital and medial temporal cortex extended into the underlying white matter,
which could include the ILF, IFOF, and/or the posterior, vertical segments of the SLF.
Damage to these segments of the SLF would be consistent with our view that these

pathways aid the operations of selective scale-based attention in the construction of the
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content of visual awareness. This would explain why the patient experienced a deficit in
the perceived size of targets located on the left. Furthermore, the lesion did not appear
to involve the PPC. Given the involvement of the PPC in visually-guided reaching and
grasping, this would help explain why the patient’s grasp aperture remained tuned to the

real size of those same objects.

Marrotta and colleagues reported a study of shape discrimination and grasp point
selection in six neglect patients [155]. These authors administered a test similar to the
one Goodale and colleagues administered to DF, using smooth pebble-like 3D shapes
[125]. In one of the conditions, the patient is presented with two of these shapes at two
different locations along their midline and is asked to make a same/different judgment
about their shape. On half the trials, the shapes are the same. Furthermore, the
orientation of the shapes is randomly varied. The authors found that even on the shape-
discrimination task, the patients performed poorly, albeit scoring above chance, and
therefore better than DF, who has visual form agnosia, but well below normally-sighted
controls and the right hemisphere damaged controls. In other words, these patients

appeared to possess symptoms of object-centered neglect.

In a second condition, performed after the patient made their same/different judgment
about object shape on each trial, Marotta and colleagues removed one of the shapes
and then asked the patient to reach for and pick up the remaining one [155]. Due to the
smooth pebble-like shape of the targets, the grasp points had to be chosen carefully to
minimize instability of the resultant grip. This tends to involve selecting points for thumb
and forefinger on the target’s surface that result in a corresponding ‘opposition axis’ that
lies close to the target’s center of mass. For this task, the patient’s finger tips were inked
so that their touchpoints would leave marks on the side of the target. This way, the
experimenter could record where the patient grasped the object, and then determine
afterwards how close their grasp points were to the center of the target’s mass, on
average, across many trials. Marotta and colleagues found that the grasp points the
neglect patient selected were shifted rightward, relative to those of the controls, towards

the right (ipsilesional) side of the object. In fact, the extent of shift in the grasp points
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were correlated with the severity of neglect, as indicated by their scores on the BIT
[155]. Thus, in this case it is possible that the impaired perceptual processing for shape
may have also affected the selection of grasp points. Unfortunately, detailed scans of
the only patient in the group with a lesion in the parietal, occipital, and temporal cortex
(presumably the TPJ) were not published, and the scans that are available lack
sufficient detail to draw any conclusive inferences about the relationship between lesion

site and extent and performance on the two tasks.

Conclusion

One of the overarching aims of this review is to propose a more prominent role for
selective attention to scale in understanding the conditions of visual agnosia and
neglect. Our review of this literature points to the critical role of attention to scene and
object scale in the construction of the content of visual awareness and in the selection
of different object parts and object-surface points for goal-directed action like grasping.
Some of the strongest support for this proposal comes from a subset of visuospatial
neglect patients who possess object-based deficits in attention that resemble the
perceptual deficits of patients with visual agnosia, and from two heavily studied patients
with visual agnosia, DF and HJA. Our interpretation is that selective attention to the
appropriate structural scale of a scene facilitates effective visual perception. That is,
attention to the appropriate scale helps to construct the contents of awareness,
including scenes, ensembles of objects, objects themselves, and the selection of object
parts for recognition and action.

At the same time, it is important to note that we are not claiming that behavioural and
neural responses cannot be reliable in the absence of selective attention to scale.
Blindsight, in which patients respond reliably to visual stimulation presented in clinically-
blind fields, is a notable case in point demonstrating that selective attention to scale is
not essential for successful visual-motor coordination to simple rectilinear and cylindrical
shapes (e.g., 156-158). Rather, it is our view that under typical circumstances, the
visual contents of immediate awareness are constructed within the occipital and inferior

temporal cortices, and it is in the construction of these phenomenological
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1179  representations that selective attention to scale plays a critical role. We have argued
1180 here that the origins of these attentional signals lie in parietal and frontal attentional
1181  centers. In so doing, we have highlighted the direct and indirect pathways that seem
1182  capable of delivering these signals to the inferior occipitotemporal structures that, as
1183  cases of visual agnosia have shown, are necessary for normal conscious visual

1184  experience.

1185

1186  Neuropsychological studies of visual agnosia have contributed substantially for over 100
1187  years to informing theoretical models of the structure and function of the human visual
1188  system. The most recent strides in understanding have come from the development of
1189  brain imaging techniques that permit detailed anatomical visualization as well as

1190 functional visualization while an individual is perceiving and acting. Nonetheless,

1191 detailed patient case work is still foundational, because they often guide the brain

1192  imaging that affords us more precise tests of our ideas about the structural and

1193  functional relationships. The study of visual object agnosia is central to our current
1194  understanding that the mental representation of the visible world involves a parallel
1195 interplay between visual sensory inputs, past experience, and perceptual and

1196  behavioural end-points of action.

1197

1198 In this review, we have highlighted that the tendency among researchers to study

1199  aspects of selective attention in isolation — for example, spatial attention, featural
1200 attention, and object-based attention — may have contributed to the neglect of a

1201 critically important aspect of selective attention. Specifically, selective attention to one
1202 level in the structural hierarchy of a visual scene over another. Such selection is

1203  essential for successful perception of, and action towards, objects within a given scene.
1204  Moreover, such selection always entails attention to spatial locations, features, and
1205  objects, but notably, only at the scale that is required for a given perceptual or motor
1206  task.

1207

1208  In developing this account, we have also highlighted an important area for further

1209 research — visually-guided action in visual agnosia and visual neglect — that is likely to
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yield theoretical insights on still-unresolved issues. Although cases of visual agnosia are
quite rare, cases of neglect are relatively common following right hemispheric stroke
(~44 - 48%, see 83,159). Thus, neglect, and more specifically the object-centered
variant of it, might be a more accessible model to study the relationship between
selective attention to scale, object perception, and visually-guided action. More work is
needed to determine the conditions in which scale-based attention operates differently
on the content of visual awareness than it does on visually-guided action and to

determine the neural underpinnings of these processes.

Finally, it is worthwhile mentioning that the literature of case reports involving patients
with visual agnosia, and some patients with visual neglect, is replete with brief clinical
descriptive accounts of rapid partial recovery in visual function. We currently know very
little about how neural rewiring in the visual system helps reestablish facets of visual
perception and recognition following damage. Neuroimaging uniquely affords
researchers and clinicians the tools to study this nascent field of neural plasticity in
patients with compromised visual perception. Therefore, we remain optimistic that
additional studies of patients with visual agnosia and patients with visual neglect will
continue to yield important insights into how the brain uses vision for perception,

cognition, and action.

Acknowledgements

This work was supported by a Natural Sciences and Engineering Research Council of
Canada (NSERC) Discovery Grant (RGPIN-2018-03741) awarded to JTE and an
NSERC Postdoctoral Fellowship (487969) awarded to RLW. The authors thank Patrick

Brown for his comments on an earlier version of the manuscript.



1235

1236
1237

1238
1239

1240
1241

1242
1243

1244
1245
1246

1247

1248
1249

1250
1251

1252
1253
1254
1255

1256
1257

1258
1259
1260

1261
1262
1263

1264
1265

1266
1267
1268

42

References

[1] Martinaud O. Visual agnosia and focal brain injury. Revue Neurologique. 2017;
173:451-460. https://doi.org/10.1016/j.neurol.2017.07.009.

[2] Perrotta G. Agnosia: Definition, clinical contexts, neurobiological profiles and clinical
treatments. Arch Gerontol Geriatr Res. 2020; 5: 031-035. doi: 10.17352/aggr.000023

[3] Barton JJS. Disorder of higher visual function. Curr. Opin. in Neur. 2011; 24:1-5. doi:
10.1097/WCO0.0b013e328341a5c2

[4] Biran I, Coslett HB. Visual Agnosia. Curr. Neur and Neurosci Reports. 2003. 3:508—
512. doi: 10.1007/s11910-003-0055-4

[5] Coslett HB. Visual agnosia, in Marien P. & Abutalebi J. (eds.) Neuropsychological
research: a review, pp. 249-266 (New York: Psychology Press, 2008).
https://doi.org/10.4324/9780203938904

[6] Farah MJ. Visual agnosia. 2nd edn (Cambridge, MA: MIT Press, 2004).

[7] Humphreys GW, Riddoch MJ. A reader in visual agnosia. (Abingdon, Oxon:
Routledge, 2016).

[8] Marotta JJ, Behrmann M. “Agnosia,” in encyclopedia of the human brain, VS
Ramachandran, Ed., (Academic Press, San Diego, Calif, USA, 2002).

[9] Milner AD, Cavina-Pratesi C. Perceptual deficits of identification: the apperceptive
agnosias. Vallar G, Coslett HB (Eds.), Handbook of clinical neurology, Vol. 151: The
parietal lobe, 9780444636225, Elsevier, Amsterdam, 2018.
https://doi.org/10.1016/B978-0-444-63622-5.00013-9

[10] Lissauer H. Ein Fall von Seelenblindheit nebst einem Beitrage zur Theorie
derselben. Archiv fur Psychiatrie und Nervenkrankheiten. 1890; 21:222-270.

[11] Lissauer H, Jackson M. A case of visual agnosia with a contribution to theory,
Cognitive Neuropsychology. 1988; 5:157-192.
https://doi.org/10.1080/02643298808252932

[12] Marr, D. Visual information processing: the structure and creation of visual
representations. Phil. Trans. R. Soc. Lond. B. 1980; 290:199-218.
https://doi.org/10.1098/rstb.1980.0091

[13] Efron R. What is perception? Boston Studies in Philosophy of Science. 1968;
4:137-173. https://doi.org/10.1007/978-94-010-3378-7_4

[14] Goodale MA, Milner AD, Jakobson LS, Carey DP. A neurological dissociation
between perceiving objects and grasping them. Nature. 1991; 349:154-156.
https://doi.org/10.1038/349154a0


https://doi.org/10.1016/j.neurol.2017.07.009
https://doi.org/10.4324/9780203938904
https://doi.org/10.1016/B978-0-444-63622-5.00013-9
https://doi.org/10.1080/02643298808252932
https://doi.org/10.1098/rstb.1980.0091
https://doi.org/10.1007/978-94-010-3378-7_4
https://doi.org/10.1038/349154a0

1269
1270

1271
1272

1273
1274
1275

1276
1277

1278
1279
1280

1281
1282
1283

1284
1285
1286

1287
1288

1289
1290
1291

1292
1293
1294

1295
1296
1297

1298
1299
1300

1301
1302
1303

43

[15] Taylor A, Warrington EK. Visual Agnosia: A single case report. Cortex. 1972; 7:
152-161. https://doi.org/10.1016/S0010-9452(71)80011-4

[16] Warrington EK, Taylor AM. The contribution of the right parietal lobe to object
recognition. Cortex. 1973; 9:152-164. https://doi.org/10.1016/S0010-9452(73)80024-3

[17] Humphreys GW, Riddoch MJ. Routes to object constancy: Implications from
neurological impairments of object constancy. Quarterly Journal of Experimental
Psychology. 1984; 36A:385-415. https://doi.org/10.1080/14640748408402169

[18] Riddoch MJ, Humphreys GW. A case of integrative visual agnosia. Brain. 1987;
110:1431-1462. https://doi.org/10.1093/brain/110.6.1431

[19] Riddoch MJ, Humphreys GW, Akhtar N, Allen H, Bracewell MR, Schofield AJ. A
tale of two agnosias: distinctions between form and integrative agnosia. Cognitive
Neuropsychology. 2008; 25:56—-92. https://doi.org/10.1080/02643290701848901

[20] Rizzi C, Piras F, Marangolo P. Top-down projections to the primary visual areas
necessary for object recognition: a case study. Vision Research. 2010; 50:1074-1085.
https://doi.org/10.1016/j.visres.2010.03.01

[21] De Renzi E, Scotti G, Spinnler H. Perceptual and associative disorders of visual
recognition: Relationship to the side of the cerebral lesion. Neurology. 1969; 19:634—
642. https://doi.org/10.1212/WNL.19.7.634

[22] Warrington EK, Taylor AM. Two categorical stages of object recognition.
Perception. 1978; 7:695-705. https://doi.org/10.1068/p070695

[23] Benson DF, Greenberg JP. Visual form agnosia: A specific defect in visual
discrimination. Archives of Neurology. 1969; 20:82—-89.
doi:10.1001/archneur.1969.00480070092010

[24] Milner AD, Heywood CA. A disorder of lightness discrimination in a case of visual
form agnosia. Cortex. 1989; 25:489-494. https://doi.org/10.1016/S0010-
9452(89)80062-0

[25] Milner AD, Perrett DI, Johnston RS, Benson PJ, Jordan TR, Heeley DW, Bettucci
D, Mortara F, Mutani R, Terazzi E, Davidson DLW. Perception and action in ‘visual form
agnosia’. Brain. 1991; 114, 405-428. https://doi.org/10.1093/brain/114.1.405

[26] Servos P, Goodale MA, Humphrey GK. The drawing of objects by a visual form
agnosic: contribution of surface properties and memorial representations.
Neuropsychologia. 1993; 31:251-259. https://doi.org/10.1016/0028-3932(93)90089-I

[27] Bridge H, Thomas OM, Minini L, Cavina-Pratesi C, Milner AD, Parker AJ. Structural
and functional changes across the visual cortex of a patient with visual form agnosia. J
Neurosci. 2013); 33:12779-12791. https://doi.org/10.1523/JINEUROSCI.4853-12.2013


https://doi.org/10.1016/S0010-9452(71)80011-4
https://doi.org/10.1016/S0010-9452(73)80024-3
https://doi.org/10.1080/14640748408402169
https://doi.org/10.1093/brain/110.6.1431
https://doi.org/10.1080/02643290701848901
https://doi.org/10.1016/j.visres.2010.03.01
https://doi.org/10.1212/WNL.19.7.634
https://doi.org/10.1068/p070695
https://doi.org/10.1016/S0010-9452(89)80062-0
https://doi.org/10.1016/S0010-9452(89)80062-0
https://doi.org/10.1093/brain/114.1.405
https://doi.org/10.1016/0028-3932(93)90089-I
https://doi.org/10.1523/JNEUROSCI.4853-12.2013

1304
1305
1306

1307
1308
1309
1310

1311
1312
1313

1314
1315
1316
1317

1318
1319
1320

1321
1322
1323

1324
1325
1326
1327
1328
1329
1330

1331
1332
1333

1334
1335
1336

1337
1338
1339

44

[28] James TW, Culham J, Humphrey GK, Milner AD, Goodale MA. Ventral occipital
lesions impair object recognition but not object-directed grasping: an fMRI study. Brain.
2003; 126:2463-2475. https://doi.org/10.1093/brain/awg248

[29] Steeves JKE, Humphrey GK, Culham JC, Menon RS, Milner AD, Goodale MA.
Behavioral and neuroimaging evidence for a contribution of color and texture
information to scene classification in a patient with visual form agnosia. Journal of
Cognitive Neuroscience. 2004; 16:955-965. https://doi.org/10.1162/0898929041502715

[30] Eger E, Henson RN, Driver J, Dolan RJ. Mechanisms of top-down facilitation in
perception of visual objects studied by fMRI. Cerebral Cortex. 2007; 17:2123-2213.
https://doi.org/10.1093/cercor/bhl119

[31] Malach R, Reppas JB, Benson RR, Kwong KK, Jiang H, Kennedy WA, Ledden PJ,
Brady TJ, Rosen BR, Tootell RB. Object-related activity revealed by functional magnetic
resonance imaging in human occipital cortex. Proceedings of the National Academy of
Sciences. 1995; 92:8135-8139. https://doi.org/10.1073/pnas.92.18.8135

[32] Vuilleumier P, Henson R, Driver J, Dolan RJ. Multiple levels of visual object
constancy revealed by event-related fMRI of repetition priming. Nat Neurosci. 2002;
5:491-499. https://doi.org/10.1038/nn839

[33] Gauthier I, Tarr MJ. Visual object recognition: Do we (finally) know more now than
we did? Annual Review of Vision Science. 2016; 2:377-396.
https://doi.org/10.1146/annurev-vision-111815-114621

e [34] Epstein RA, Baker Cl. Scene perception in the human brain. Annual Review of
Vision Science. 2019; 5:373-397. https://doi.org/10.1146/annurev-vision-091718-
014809 A “state of the field” update on scene perception, with an emphasis on its
neural underpinnings across a network of three core ventral stream structures:
the parahippocampal place area, the medial place area, and the occipital place
area; along with discussion of the mid- and high-level functional roles in scene
recognition, spatial perception and navigation, and guidance of visual search.

[35] Cant JS, Goodale MA. Attention to form or surface properties modulates different
regions of human occipitotemporal cortex. Cereb Cortex. 2007; 17:713-731.
https://doi.org/10.1093/cercor/bhk022

[36] Cavina-Pratesi C., Kentridge RW, Heywood CA, Milner AD. Separate Processing of
Texture and Form in the Ventral Stream: Evidence from fMRI and Visual Agnosia.
Cerebral Cortex. 2010; 20:433-446. https://doi.org/10.1093/cercor/bhp111

[37] Cant JS, Large ME, McCall L, Goodale MA. Independent processing of form,
colour, and texture in object perception. Perception. 2008; 37:57-78.
https://doi.org/10.1068/p5727


https://doi.org/10.1093/brain/awg248
https://doi.org/10.1162/0898929041502715
https://doi.org/10.1093/cercor/bhl119
https://doi.org/10.1073/pnas.92.18.8135
https://doi.org/10.1038/nn839
https://doi.org/10.1146/annurev-vision-111815-114621
https://doi.org/10.1093/cercor/bhk022

1340
1341
1342

1343
1344
1345
1346

1347
1348
1349

1350
1351
1352

1353
1354
1355
1356

1357

1358
1359

1360
1361
1362

1363
1364

1365
1366
1367

1368
1369
1370

1371
1372

1373
1374
1375

45

[38] Cant JS, Arnott SR, Goodale MA. fMR-adaptation reveals separate processing
regions for the perception of form and texture in the human ventral stream. Exp Brain
Res. 2009; 192:391-405. https://doi.org/10.1007/s00221-008-1573-8

[39] Cant JS, Goodale MA. Scratching beneath the surface: new insights into the
functional properties of the lateral occipital area and parahippocampal place area.
Journal of Neuroscience. 2011; 31:8248-8258.
https://doi.org/10.1523/JNEUROSCI.6113-10.2011

[40] Lowe MX, Rajsic J, Gallivan JP, Ferber S, Cant JS. Neural representation of
geometry and surface properties in object and scene perception. Neurolmage. 2017;
157:586-597. https://doi.org/10.1016/j.neuroimage.2017.06.043

[41] Riddoch MJ, Humphreys GW, Gannon T, Blott W, Jones V. Memories are made of
this: the effects of time on stored visual knowledge in a case of visual agnosia. Brain.
1999; 122:537-559. https://doi.org/10.1093/brain/122.3.537

[42] Lestou V, Lam JML, Humphreys K, Kourtzi Z, Humphreys GW. A dorsal visual
route necessary for global form perception: Evidence from Neuropsychological fMRI.
Journal of Cognitive Neuroscience. 2014; 26:621-634.
https://doi.org/10.1162/jocn_a_00489

[43] Farah MJ. Visual agnosia (Cambridge, MA: MIT Press, 1990).

[44] Levine DN, Calvanio R. A study of the visual defect in verbal alexia
simultanagonosia. Brain. 1978; 101:65-81. doi: 10.1093/brain/101.1.65.

[45] Humphreys GW, Riddoch MJ. A case study in visual agnosia revisited: to see but
not to see (2" Edition, Hove, East Sussex: Psychology Press, 2014).
https://doi.org/10.4324/9780203558096

[46] Posner MI. Orienting of attention. Quarterly Journal of Experimental Psychology.
1980; 32:3-25. https://doi.org/10.1080/00335558008248231

[47] Wolfe JM, Horowitz TS. 2004. What attributes guide the deployment of visual
attention and how do they do it? Nat. Rev. Neurosci. 5:495-501.
https://doi.org/10.1038/nrn1411

[48] Egly R, Driver J, Rafal RD. Shifting visual attention between objects and locations:
evidence from normal and parietal lesion subjects. Journal of Experimental Psychology.
General. 1994; 123:161-177. https://doi.org/10.1037/0096-3445.123.2.161

[49] de Fockert JW, Rees G, Frith CD, Lavie N. The role of working memory in visual
selective attention. Science. 2001; 291:1803-1806. doi: 10.1126/science.1056496

[50] Chun MM, Golomb JD, Turk-Browne NB. A taxonomy of external and internal
attention. Annual Review of Psychology. 2011; 62:73-101.
https://doi.org/10.1146/annurev.psych.093008.100427


https://doi.org/10.1038/nrn1411
https://doi.org/10.1037/0096-3445.123.2.161

1376
1377
1378

1379
1380
1381

1382
1383

1384
1385

1386
1387

1388
1389
1390

1391
1392
1393

1394
1395
1396
1397

1398
1399
1400

1401
1402
1403

1404
1405
1406
1407

1408
1409

46

[51] Navon D. Forest before trees: the precedence of global features in visual
perception. Cognitive Psychology. 1977; 9:353-383. https://doi.org/10.1016/0010-
0285(77)90012-3

[52] Robertson LC, Lamb MR. Neuropsychological contributions to theories of
part/whole organization. Cognitive Psychology. 1991; 23:299-330.
https://doi.org/10.1016/0010-0285(91)90012-D

[53] Coren S, Ward LM, Enns JT (2004). Attention. In Sensation and perception, 6th
edition (pp. 388—-419)

[54] Maunsell JHR, Treue S. Feature-based attention in visual cortex. Trends in
Neurosciences. 2006; 29:317-322. https://doi.org/10.1016/j.tins.2006.04.001

[55] Treisman AM, Gelade G. A feature-integration theory of attention. Cognitive
Psychology. 1980; 12:97-136. https://doi.org/10.1016/0010-0285(80)90005-5

[56] Kravitz DJ, Behrmann M. Space-, object-, and feature-based attention interact to
organize visual scenes. Atten Percept Psychophys. 2011; 73:2434-2447.
https://doi.org/10.3758/s13414-011-0201-z

[57] Vecera SP, Farah MJ. Does visual attention select objects or locations? Journal of
Experimental Psychology. General. 1994; 123:146-160. doi: 10.1037//0096-
3445.123.2.146

[58] Chica AB, Martin-Arévalo E, Botta F, Lupiafiez J. The spatial orienting paradigm:
how to design and interpret spatial attention experiments. Neuroscience &
Biobehavioral Reviews. 2014; 40:35-51.
https://doi.org/10.1016/j.neubiorev.2014.01.002

[59] Posner MI, Walker JA, Friedrich, FJ, Rafal RD. Effects of parietal injury on covert
orienting of attention. The Journal of Neuroscience. 1984, 4:1863—-1874.
https://doi.org/10.1523/INEUROSCI.04-07-01863.1984

[60] de-Wit LH, Kentridge RW, Milner AD. Object-based attention and visual area LO.
Neuropsychologia. 2009; 47:1483-1490.
https://doi.org/10.1016/j.neuropsychologia.2008.11.002

[61] Furey ML, Tanskanen T, Beauchamp MS, Avikainen S, Uutela K, Hari R, Haxby JV.
Dissociation of face-selective cortical responses by attention. Proceedings of the
National Academy of Sciences of the United States of America. 2006; 103:1065-1070.
https://doi.org/10.1073/pnas.0510124103

[62] O'Craven KM, Downing PE, Kanwisher N. fMRI evidence for objects as the units of
attentional selection. Nature. 1999; 401:584-587. https://doi.org/10.1038/44134


https://doi.org/10.1016/0010-0285(77)90012-3
https://doi.org/10.1016/0010-0285(77)90012-3
https://doi.org/10.1016/0010-0285(91)90012-D
https://doi.org/10.1016/j.tins.2006.04.001
https://doi.org/10.1016/0010-0285(80)90005-5
https://doi.org/10.3758/s13414-011-0201-z
https://doi.org/10.1016/j.neubiorev.2014.01.002
https://doi.org/10.1523/JNEUROSCI.04-07-01863.1984
https://doi.org/10.1016/j.neuropsychologia.2008.11.002
https://doi.org/10.1073/pnas.0510124103

1410
1411
1412

1413
1414
1415

1416
1417
1418

1419
1420
1421

1422
1423
1424

1425
1426
1427

1428
1429
1430

1431
1432
1433

1434
1435
1436

1437
1438
1439
1440
1441
1442
1443

1444
1445
1446

47

[63] Serences JT, Schwarzbach J, Courtney SM, Golay X, Yantis S. Control of object-
based attention in human cortex. Cerebral Cortex. 2004; 14:1346-1357.
https://doi.org/10.1093/cercor/bhh095

[64] Tong F, Nakayama K, Vaughan JT, Kanwisher N. Binocular rivalry and visual
awareness in human extrastriate cortex. Neuron. 1998; 21:753—-759.
https://doi.org/10.1016/S0896-6273(00)80592-9

[65] Cohen MA, Dennett DC, Kanwisher N. What is the bandwidth of perceptual
experience? Trends in cognitive sciences. 2016; 20:324—-335.
https://doi.org/10.1016/j.tics.2016.03.006

[66] Cohen MA, Alvarez GA, Nakayama K. Natural-scene perception requires
attention. Psychological science. 2011; 22:1165-1172.
https://doi.org/10.1177/0956797611419168

[67] Jackson-Nielsen M, Cohen MA, Pitts MA. Perception of ensemble statistics
requires attention. Consciousness and Cognition. 2017; 48:149-160.
https://doi.org/10.1016/j.concog.2016.11.007

[68] Brady TF, Shafer-Skelton A, Alvarez GA. Global ensemble texture representations
are critical to rapid scene perception. Journal of Experimental Psychology: Human
Perception and Performance. 2017; 43:1160-1176. https://doi.org/10.1037/xhp0000399

[69] Cant JS, Xu Y. Object ensemble processing in human anterior-medial ventral visual
cortex. Journal of Neuroscience. 2012; 32, 7685-7700.
https://doi.org/10.1523/JNEUROSCI.3325-11.2012

[70] Cant JS, Xu Y. The impact of density and ratio on object-ensemble representation
in human anterior-medial ventral visual vortex. Cerebral Cortex. 2015; 25, 4226—-4239.
https://doi.org/10.1093/cercor/bhul45

[71] Cant JS, Xu Y. The contribution of object shape and surface properties to object-
ensemble representation in anterior-medial ventral visual cortex. The Journal of
Cognitive Neuroscience. 2017; 29:398-412. https://doi.org/10.1162/jocn_a_01050

e [72] Cant JS, Xu Y. One bad apple spoils the whole bushel: the neural basis of outlier
processing. Neurolmage. 2020; 211:116629.
https://doi.org/10.1016/j.neuroimage.2020.116629 An FMRI fast-evented related
adaptation design shows that the parahippocampal place area, the lateral
occipital cortex and posterior and middle intraparietal cortex are sensitive to the
number of outliers in the display, indicating automatic recruitment of these
structures in scale-based attention.

[73] Corbetta M, Patel G, Shulman GL. The reorienting system of the human brain: from
environment to theory of mind. Neuron. 2008; 58:306—-324.
https://doi.org/10.1016/j.neuron.2008.04.017


https://doi.org/10.1093/cercor/bhu145
https://doi.org/10.1162/jocn_a_01050

1447
1448

1449
1450

1451
1452
1453

1454
1455
1456

1457
1458

1459
1460

1461
1462
1463

1464
1465
1466
1467

1468
1469
1470
1471

1472
1473
1474

1475
1476
1477

1478
1479

1480
1481
1482

48

[74] Corbetta M, Shulman G. Control of goal-directed and stimulus-driven attention in
the brain. Nat Rev Neurosci. 2002; 3:201-215. https://doi.org/10.1038/nrn755

[75] Corbetta M, Shulman GL. Spatial neglect and attention networks. Annu. Rev.
Neurosci. 2011; 34:569-599. https://doi.org/10.1146/annurev-neuro-061010-113731

[76] Harvey M, Milner AD, Roberts RC. An investigation of hemispatial neglect using the
landmark task. Brain and Cognition. 1995; 27:59-78.
https://doi.org/10.1006/brcg.1995.1004

[77] Schenkenberg, T. Line bisection and unilateral visual neglect in patients with
neurologic impairment. Neurology. 1980; 30:509-517.
https://doi.org/10.1212/WNL.30.5.509

[78] Albert ML. A simple test of visual neglect. Neurology. 1973; 23:658-664.
https://doi.org/10.1212/WNL.23.6.658

[79] Gauthier L, Dehaut F, Joanette Y. The bells test — a quantitative and qualitative test
for visual neglect. International Journal of Clinical Neuropsychology. 1989; 11:49-54.

[80] Heilman KM, Watson RT, Valenstein E. Neglect and related disorders. In Heilman
KM, Valenstein E (Eds.), Clinical neuropsychology (p. 296—346). (Oxford University
Press, 2003)

[81] Chechlacz M, Rotshtein P, Bickerton W-L, Hansen PC, Shoumitro D, Humphreys
GW. Separating neural correlates of allocentric and egocentric neglect: distinct cortical
sites and common white matter disconnections. Cognitive Neuropsychology. 2010;
27:277-303. https://doi.org/10.1080/02643294.2010.519699

[82] Chechlacz M, Rotshtein P, Humphreys GW. Neuroanatomical dissections of
unilateral visual neglect symptoms: ALE meta-analysis of lesion-symptom
mapping. Frontiers in Human Neuroscience. 2012; 6(230):1-20.
https://doi.org/10.3389/fnhum.2012.00230

[83] Karnath H-O, Berger MF, Kuker W, Rorden C. The anatomy of spatial neglect
based on voxelwise statistical analysis: A study of 140 patients. Cerebral Cortex. 2004;
14:1164-1172. https://doi.org/10.1093/cercor/bhh076

[84] Karnath H-O, Ferber S, Himmelbach M. Spatial awareness is a function of the
temporal not the posterior parietal lobe. Nature. 2001; 411:950-953.
https://doi.org/10.1038/35082075

[85] Karnath H-O, Rorden C. The anatomy of spatial neglect. Neuropsychologia. 2012;
50:1010-1017. https://doi.org/10.1016/j.neuropsychologia.2011.06.027

[86] Mort DJ, Malhotra P, Mannan SK, Rorden C, Pambakian A, Kennard C, Husain M.
The anatomy of visual neglect. Brain. 2003; 126:1986-1997.
https://doi.org/10.1093/brain/awg200


https://doi.org/10.1146/annurev-neuro-061010-113731
https://doi.org/10.1006/brcg.1995.1004
https://doi.org/10.1212/WNL.30.5.509

1483
1484
1485

1486
1487
1488

1489
1490

1491
1492
1493

1494
1495
1496

1497
1498

1499
1500

1501
1502
1503

1504
1505
1506

1507
1508
1509
1510
1511

1512
1513
1514

1515
1516
1517

49

[87] Pedrazzini E, Schnider A, Ptak R. A neuroanatomical model of space-based and
object-centered processing in spatial neglect. Brain Structure and Function. 2017;
222:3605-3613. https://doi.org/10.1007/s00429-017-1420-4

[88] Verdon V, Schwartz S, Lovblad K-O, Hauert C-A, Vuilleumier P. Neuroanatomy of
hemispatial neglect and its functional components: a study using voxel-based lesion-
symptom mapping. Brain. 2010; 133:880-894. https://doi.org/10.1093/brain/awp305

[89] Wilson B, Cockburn J, Halligan P. Development of a behavioral test of visuospatial
neglect. Archives of physical medicine and rehabilitation. 1987; 68:98—-102.

[90] Mayer E, Martory MD, Pegna AJ, Landis T, Delavelle J, Annoni JM. A pure case of
Gerstmann syndrome with a subangular lesion. Brain. 1999; 122:1107-1120.
https://doi.org/10.1093/brain/122.6.1107

[91] Binder J, Marshall R, Lazar R, Benjamin J, Mohr JP. Distinct syndromes of
hemineglect. Archives of Neurology. 1992; 49:1187-1194.
doi:10.1001/archneur.1992.00530350109026

[92] Danckert J, Ferber S. Revisiting unilateral neglect. Neuropsychologia. 2006;
44:987-1006. https://doi.org/10.1016/j.neuropsychologia.2005.09.004

[93] Husain M, Rorden C. Non-spatially lateralized mechanisms in hemispatial neglect.
Nature Reviews Neuroscience. 2003; 4:26—36. https://doi.org/10.1038/nrn1005

[94] Driver J, Halligan PW. Can visual neglect operate in object-centred co-ordinates?
An affirmative single-case study. Cognitive Neuropsychology. 1991; 8:475-496.
https://doi.org/10.1080/02643299108253384

[95] Tipper SP, Behrmann M. Object-centered not scene-based visual neglect. Journal
of Experimental Psychology: Human Perception and Performance. 1996; 22:1261—
1278. https://doi.org/10.1037/0096-1523.22.5.1261

[96] Azouvi P, Samuel C, Louis-Dreyfus A, Bernati T, Bartolomeo P, Beis J-M, Chokron
S, Leclercq M, Marchal F, Martin Y, de Montety G, Olivier S, Perennou D, Pradat-Diehl
P, Prairial C, Rode G, Sieroff E, Wiart L, Rousseaux, M. Sensitivity of clinical and

behavioural tests of spatial neglect after right hemisphere stroke. Journal of Neurology,
Neurosurgery & Psychiatry. 2002; 73:160-166. http://dx.doi.org/10.1136/jnnp.73.2.160

[97] Ferber S, Karnath H-O. How to assess spatial neglect-line bisection or cancellation
tasks? Journal of clinical and experimental neuropsychology. 2001; 23:599-607.
https://doi.org/10.1076/jcen.23.5.599.1243

[98] Sarri M, Greenwood R, Kalra L, Driver J. Task-related modulation of visual neglect
in cancellation tasks. Neuropsychologia. 2009; 47:91-103.
https://doi.org/10.1016/j.neuropsychologia.2008.08.020


https://doi.org/10.1016/j.neuropsychologia.2008.08.020

1518
1519
1520

1521
1522
1523

1524
1525
1526

1527
1528
1529

1530
1531
1532

1533
1534

1535
1536
1537

1538
1539

1540
1541
1542
1543
1544
1545
1546

1547
1548
1549
1550

1551
1552
1553
1554

50

[99] Ota H, Fuijii T, Suzuki K, Fukatsu R, Yamadori A. Dissociation of body centered and
stimulus centered representations in unilateral neglect. Neurology, 2001; 57:2064—
2069. https://doi.org/10.1212/WNL.57.11.2064

[100] Duncan J, Owen AM. Common regions of the human frontal lobe recruited by
diverse cognitive demands. Trends in Neuroscience. 2000; 23:475-483.
https://doi.org/10.1016/S0166-2236(00)01633-7

[101] Fedorenko E, Duncan J, Kanwisher N. Broad domain generality in focal regions of
frontal and parietal cortex. Proceedings of the National Academy of Sciences. 2013;
110:16616-16621. https://doi.org/10.1073/pnas.1315235110

[102] Jung K, Min Y, Han SW. Response of multiple demand network to visual search
demands. Neurolmage. 2021; 229:117755.
https://doi.org/10.1016/j.neurocimage.2021.117755

[103] Duncan J. The multiple-demand (MD) system of the primate brain: mental
programs for intelligent behaviour. Trends in Cognitive Science. 2010; 14:172-179.
https://doi.org/10.1016/j.tics.2010.01.004

[104] Duncan J. The structure of cognition: attentional episodes in mind and brain.
Neuron. 2013; 80:35-50. https://doi.org/10.1016/j.neuron.2013.09.015

[105] Assem M, Glasser MF, Van Essen DC, Duncan J. A domain-general cognitive
core defined in multimodally parcellated human cortex. Cerebral Cortex. 2020;
30:4361-4380. https://doi.org/10.1093/cercor/bhaa023

[106] Catani M, Jones DK, Donato R, Ffytche DH. Occipito-temporal connections in the
human brain. Brain. 2003; 126:2093-2107. https://doi.org/10.1093/brain/awg203

e [107] Latini, F., M&rtensson, J., Larsson, E.-M., Fredrikson, M., Ahs, F., Hjortberg, M.,
et al. (2017). Segmentation of the inferior longitudinal fasciculus in the human brain: a
white matter dissection and diffusion tensor tractography study. Brain Res. 1675, 102—
115. https://doi.org/10.1016/j.brainres.2017.09.005 Surgical dissection of the inferior
longitudinal fasciculus reveals three major subcomponents: a basal, dorsolateral
occipital and dorsomedial occipital each of which courses towards the anterior
third of temporal cortex.

[108] Panesar SS, Yeh F-C, Jacquesson T, Hula W, Fernandez-Miranda JC. A
guantitative tractography study into the connectivity, segmentation and laterality of the
human inferior longitudinal fasciculus. Frontiers in Neuroanatomy. 2018; 12(47):1-13.
https://doi.org/10.3389/fnana.2018.00047

[109] Sali G, Briggs RG, Conner AK, Rahimi M, Baker CM, Burks JD, Glenn CA,
Battiste JD, Sughrue ME. A Connectomic Atlas of the human cerebrum—Chapter 11:
Tractographic description of the inferior longitudinal fasciculus. Operative Neurosurgery.
2018; 15:5423-S428. https://doi.org/10.1093/ons/opy265


https://doi.org/10.1212/WNL.57.11.2064
https://doi.org/10.1016/j.tics.2010.01.004
https://doi.org/10.1016/j.neuron.2013.09.015
https://doi.org/10.1093/cercor/bhaa023
https://doi.org/10.1093/brain/awg203
https://doi.org/10.3389/fnana.2018.00047
https://doi.org/10.1093/ons/opy265

1555
1556
1557
1558

1559
1560
1561
1562

1563
1564
1565

1566
1567
1568
1569

1570
1571
1572

1573
1574
1575

1576
1577
1578

1579
1580
1581

1582
1583
1584
1585

1586
1587
1588
1589

1590
1591

51

[110] Conner AK, Briggs RG, Sali G, Rahimi M, Baker CM, Burks JD, Glenn CA,
Battiste JD, Sughrue ME. A connectomic atlas of the human cerebrum—Chapter 13:
Tractographic description of the inferior fronto-occipital fasciculus. Operative
Neurosurgery. 2018; 15:5S436—-S443. https://doi.org/10.1093/ons/opy267

[111] Lawes IN, Barrick TR, Murugam V, Spierings N, Evans DR, Song M, Clark CA.
Atlas-based segmentation of white matter tracts of the human brain using diffusion
tensor tractography and comparison with classical dissection. Neuroimage. 2008;
39:62-79. https://doi.org/10.1016/j.neurocimage.2007.06.041

[112] Martino J, Brogna C, Robles SG, Vergani F, Duffau H. Anatomic dissection of the
inferior fronto-occipital fasciculus revisited in the lights of brain stimulation data. Cortex.
2010; 46:691-699. https://doi.org/10.1016/j.cortex.2009.07.015

[113] Sarubbo S, De Benedictis A, Maldonado IL, Basso G, Duffau H. Frontal
terminations for the inferior fronto-occipital fascicle: anatomical dissection, DTI study
and functional considerations on a multi-component bundle. Brain Struct Funct. 2013;
218:21-37. https://doi.org/10.1007/s00429-011-0372-3

[114] Panichello MF, Cheung OS, Bar M. Predictive feedback and conscious visual
experience. Frontiers in Psychology. 2013; 3(620):1-8.
https://doi.org/10.3389/fpsyg.2012.00620

[115] Tusa RJ, Ungerleider LG. The inferior longitudinal fasciculus: a reexamination in
humans and monkeys. Annual. Neurol. 1985; 18:583-591.
https://doi.org/10.1002/ana.410180512

[116] Mandonnet E, Gatignol P, Duffau H. Evidence for an occipito-temporal tract
underlying visual recognition in picture naming. Clin Neurol Neurosurg. 2009; 111:601—
605. https://doi.org/10.1016/j.clineuro.2009.03.007

[117] Coello AF, Duvaux S, De Benedictis A, Matsuda R, Duffau H. Involvement of the
right inferior longitudinal fascicle in visual hemiagnosia: a brain stimulation mapping
study. J Neurosurg. 2013; 118:202—-205. https://doi.org/10.3171/2012.10.JNS12527

[118] Gil-Robles S, Carvallo A, Jimenez MDM, Caicoya AG, Marinez R, Ruiz-Ocana C,
Duffau H. Double dissociation between visual recognition and picture naming: a study of
the visual language connectivity using tractography and brain stimulation.

Neurosurgery. 2013; 72:678-686. https://doi.org/10.1227/NEU.0b013e318282a361

[119] Duffau H, Gatignol P, Mandonnet E, Peruzzi P, Tzourio-Mazoyer N, Capelle L.
New insights into the anatomo-functional connectivity of the semantic system: a study
using corticosubcortical electrostimulations. Brain. 2005; 128:797-810.
https://doi.org/10.1093/brain/awh423

[120] Moritz-Gasser S, Herbet G, Duffau H. Mapping the connectivity underlying
multimodal (verbal and non-verbal) semantic processing: a brain electrostimulation


https://doi.org/10.1016/j.clineuro.2009.03.007
https://doi.org/10.1227/NEU.0b013e318282a361

1592
1593

1594
1595
1596

1597
1598

1599
1600
1601
1602

1603
1604
1605
1606

1607
1608
1609
1610

1611
1612
1613

1614
1615
1616

1617
1618
1619
1620

1621
1622
1623
1624
1625

1626
1627
1628

52

study. Neuropsychologia. 2013; 51:1814-1822.
https://doi.org/10.1016/j.neuropsychologia.2013.06.007

[121] Herbert G, Moritz-Gasser S, Duffau H. Direct evidence for the contributive role of
the right inferior fronto-occipital fasciculus in non-verbal semantic cognition. Brain Struct
Funct. 2017; 222:1597-1610. http://dx.doi.org/10.1007/s00429-016-1294-x

[122] Howard D, Patterson KE. The Pyramids and Palm Trees Test: a test of semantic
access from words and pictures. Thames Valley Test Company, Suffolk, 1992.

[123] Parvizi J, Jacques C, Foster BL, Withoft N, Rangarajan V, Weiner KS, Grill-
Spector K. Electrical stimulation of human fusiform face-selective regions distorts face
perception. Journal of Neuroscience. 2012; 32:14915-14920.
https://doi.org/10.1523/JNEUROSCI.2609-12.2012

[124] Mégevand P, Groppe DM, Goldfinger MS, Hwang ST, Kingsley PB, Davidesco I,
Mehta AD. Seeing scenes: topographic visual hallucinations evoked by direct electrical
stimulation of the parahippocampal place area. Journal of Neuroscience. 2014;
34:5399-5405. https://doi.org/10.1523/JINEUROSCI.5202-13.2014

[125] Goodale MA, Meenan JP, Bulthoff HH, Nicolle DA, Murphy KJ, Racicot CI.
Separate neural pathways for the visual analysis of object shape in perception and
prehension. Current Biology. 1994; 4:604—610. https://doi.org/10.1016/S0960-
9822(00)00132-9

[126] Karnath H-O, Ruter J, Mandler A, Himmelbach M. The anatomy of object
recognition—visual form agnosia caused by medial occipitotemporal stroke. J Neurosci.
2009; 29:5854-5862. https://doi.org/10.1523/INEUROSCI.5192-08.2009

[127] Carey DP, Harvey M, Milner AD. Visuomotor sensitivity for shape and orientation
in a patient with visual form agnosia. Neuropsvchologia. 1996; 34:329-337. doi:
10.1016/0028-3932(95)00169-7

[128] Makris N, Kennedy DN, Mclnerney S, Sorensen AG, Wang R, Caviness VS,
Pandya DN. Segmentation of subcomponents within the superior longitudinal fascicle in
humans: a quantitative, in vivo, DT-MRI study. Cerebral Cortex. 2005; 15:854—-869.
https://doi.org/10.1093/cercor/bhh186

[129] Komaitis S, Skandalakis GP, Kalyvas AV, Drosos E, Lani E, Emelifeonwu J,
Liakos F, Piagkou M, Kalamatianos T, Stranjalis G, Koutsarnakis C. Dorsal component
of the superior longitudinal fasciculus revisited: novel insights from a focused fiber
dissection study. J Neurosurg. 2020; 132:1265-1278.
https://doi.org/10.3171/2018.11.JNS182908

[130] Parlatini V, Radua J, DellAcqua F, Leslie A, Simmons A, Murphy DG, Catani M,
de Schotten MT. Functional segregation and integration within fronto-parietal networks.
Neuroimage. 2017; 146:367-375. https://doi.org/10.1016/j.neuroimage.2016.08.031


https://doi.org/10.1016/j.neuropsychologia.2013.06.007
https://doi.org/10.1523/JNEUROSCI.2609-12.2012
https://doi.org/10.1523/JNEUROSCI.5202-13.2014
https://doi.org/10.1093/cercor/bhh186

1629
1630
1631

1632
1633
1634

1635
1636
1637

1638
1639
1640

1641
1642
1643

1644
1645
1646

1647
1648
1649

1650
1651
1652

1653
1654
1655

1656
1657
1658
1659

1660
1661
1662

1663
1664
1665

53

[131] Schurr R, Zelman A, Mezer AA. Subdividing the superior longitudinal fasciculus
using local quantitative MRI. Neurolmage. 2020; 116539:1-14.
https://doi.org/10.1016/j.neuroimage.2019.116439

[132] Yagmurlu K, Middlebrooks EH, Tanriover N, Rhoton AL. Fiber tracts of the dorsal
language stream in the human brain. Journal of Neurosurgery. 2016; 124:1396-1405.
https://doi.org/10.3171/2015.5.JNS15455

[133] Binkofski F, Dohle C, Posse S, Stephan KM, Hefter H, Seitz RJ, Freund H-J.
Human anterior intraparietal area subserves prehension: a combined lesion and
functional MRI activation study. Neurology. 1998; 50:1253—-1259.

[134] Jakobson LS, Archibald YM, Carey DP, Goodale MA. A kinematic analysis of
reaching and grasping movements in a patient recovering from optic ataxia.
Neuropsychologia. 1991; 29:803-809. https://doi.org/10.1016/0028-3932(91)90073-H

[135] Jeannerod M, Decety J, Michel F. Impairment of grasping movements following a
bilateral posterior parietal lesion. Neuropsychologia. 1994; 32:369-380.
https://doi.org/10.1016/0028-3932(94)90084-1

[136] Karnath H-O, Perenin MT. Cortical control of visually guided reaching: evidence
from patients with optic ataxia. Cerebral Cortex. 2005; 5:1561-1569.
https://doi.org/10.1093/cercor/bhi034

[137] Milner AD, Dijkerman HC, Pisella L, McIntosh RD, Tilikete C, Vighetto A. Rossetti
Y. Grasping the past: delay can improve visuomotor performance. Current Biology.
2001; 11:1896—1901. https://doi.org/10.1016/S0960-9822(01)00591-7

[138] Perenin MT, Vighetto A. Optic ataxia: a specific disruption in visuomotor
mechanisms. |. Different aspects of the deficit in reaching for objects. Brain. 1988;
111:643—-674. https://doi.org/10.1093/brain/111.3.643

[139] Cavina-Pratesi C, Goodale MA, Culham JC. FMRI reveals a dissociation between
grasping and perceiving the size of real 3D objects. PLOS One. 2007; 1-14.
https://doi.org/10.1371/journal.pone.0000424

[140] Culham JC, Danckert JL, DeSouza JF, Gati JS, Menon RS, Goodale MA. Visually
guided grasping produces fMRI activation in dorsal but not ventral stream brain areas
Experimental Brain Research. 2003; 153:180-189. https://doi.org/10.1007/s00221-003-
1591-5

[141] Frey SH, Vinton D, Norlund R, Grafton ST. Cortical topography of human anterior
intraparietal cortex active during visually guided grasping. Cognitive Brain Research.
2005; 23:397-405. https://doi.org/10.1016/j.cogbrainres.2004.11.010

[142] Rice NJ, Tunik E, Cross ES, Grafton ST. Online grasp control is mediated by the
Contralateral hemisphere. Brain Res. 2007; 1175C, 76-84.
https://doi.org/10.1016/j.brainres.2007.08.009


https://doi.org/10.1016/j.neuroimage.2019.116439
https://doi.org/10.3171/2015.5.JNS15455
https://doi.org/10.1016/0028-3932(91)90073-H

1666
1667
1668

1669
1670
1671
1672

1673
1674
1675

1676
1677
1678

1679
1680
1681

1682
1683
1684

1685
1686
1687

1688
1689
1690
1691

1692
1693
1694

1695
1696
1697
1698

1699
1700
1701

54

[143] Tunik E, Frey ST, Grafton SH. Virtual lesions of the anterior intraparietal area
disrupt goal-dependent on-line adjustments of grasp. Nat. Neurosci. 2005; 8:505-511.
https://doi.org/10.1038/nn1430

[144] Davare M, Andres M, Clerget E, Thonnard J-L, Olivier E. Temporal dissociation
between hand shaping and grip force scaling in the anterior intraparietal area. The
Journal of Neuroscience. 2007; 27:3974-3980.
https://doi.org/10.1523/INEUROSCI.0426-07.2007

[145] Przybylski L, Kroliczak G. Planning functional grasps of simple tools invokes the
hand-independent praxis representation network: an fMRI study. J. Int. Neuropsychol.
Soc. 2017; 23:108-120. do0i:10.1017/S1355617716001120

[146] Frey SH. Tool use, communicative gesture and cerebral asymmetries in the
modern human brain. Philos. Trans. R. Soc. Lond. B Biol. Sci. 2008; 363:1951-1957.
https://doi.org/10.1098/rstb.2008.0008

[147] MacDonald SN, Culham JC. Do human brain areas involved in visuomotor actions
show a preference for real tools over visually similar non-tools? Neuropsychologia.
2015; 77:35-41. https://doi.org/10.1016/j.neuropsychologia.2015.08.004

[148] Chen J, Snow JC, Culham JC, Goodale MA. What role does “Elongation” play in
“Tool-Specific” activation and connectivity in the dorsal and ventral visual streams?
Cereb. Cortex. 2017; 28:1117-1131. https://doi.org/10.1093/cercor/bhx017

[149] Brandi M-L, Wohlschlager A, Sorg C, Hermsdorfer J. The neural correlates of
planning and executing actual tool use. J. Neurosci. 2014; 34:13183-13194.
https://doi.org/10.1523/JNEUROSCI.0597-14.2014

[150] Hermsddrfer J, Terlinden G, Muhlau M, Goldenberg G, Wohlschlager AM. Neural
representations of pantomimed and actual tool use: evidence from an event-related
fMRI study. Neurolmage. 2007; 36:109-118.
https://doi.org/10.1016/j.neurocimage.2007.03.037

[151] Styrkowiec PP, Nowik AM, Kréliczak G. The neural underpinnings of haptically
guided functional grasping of tools: an fMRI study. Neurolmage. 2019; 194:149-162.
https://doi.org/10.1016/j.neuroimage.2019.03.043

[152] Chieffi S, Gentilucci M, Allport A, Sasso E, Rizzolatti G. Study of selective
reaching and grasping in a patient with unilateral parietal lesion: Dissociated effects of
residual spatial neglect. Brain. 1993; 116:1119-1137.
https://doi.org/10.1093/brain/116.5.1119

[153] Pritchard CL, Milner AD, Dijkerman HC, Macwalter RS. Visuospatial neglect:
veridical coding of size for grasping but not for perception. Neurocase. 1997; 3:437—
443. https://doi.org/10.1080/13554799708405019


https://doi.org/10.1038/nn1430
https://doi.org/10.1523/JNEUROSCI.0426-07.2007
https://doi.org/10.1098/rstb.2008.0008
https://doi.org/10.1016/j.neuropsychologia.2015.08.004
https://doi.org/10.1093/cercor/bhx017
https://doi.org/10.1523/JNEUROSCI.0597-14.2014
https://doi.org/10.1016/j.neuroimage.2007.03.037
https://doi.org/10.1016/j.neuroimage.2019.03.043
https://doi.org/10.1093/brain/116.5.1119
https://doi.org/10.1080/13554799708405019

1702
1703
1704

1705
1706
1707

1708
1709
1710

1711
1712
1713

1714
1715
1716
1717

1718
1719
1720

55

[154] Harvey M, Milner AD, Roberts RC. An investigation of hemispatial neglect using
the landmark task. Brain and Cognition. 1995; 27:59-78.
https://doi.org/10.1006/brcg.1995.1004

[155] Marotta JJ, McKeeff TJ, Behrmann M. Hemispatial neglect: its effects on visual
perception and visually guided grasping. Neuropsychologia. 2003; 41:1262-1271.
https://doi.org/10.1016/S0028-3932(03)00038-1

[156] Jackson SR. Pathological perceptual completion in hemianopia extends to the
control of reach-to-grasp movements. Neuroreport. 1999; 10:2461-2466. doi:
10.1097/00001756-199908200-00005.

[157] Perenin MT, Rossetti Y. Grasping without form discrimination in a hemianopic
field. Neuroreport. 1996; 7:793—797. https://doi.org/10.1097/00001756-199602290-
00027

[158] Whitwell RL, Striemer CL, Nicolle DA, Goodale MA. Grasping the non-conscious:
preserved grip scaling to unseen objects for immediate but not delayed grasping
following a unilateral lesion to primary visual cortex. Vis. Res. 2011; 51:908-924. doi:
10.1016/j.visres.2011.02.005 https://doi.org/10.1016/j.visres.2011.02.005

[159] Buxbaum LJ, Ferraro MK, Veramonti T, Farne A, Whyte J, Ladavas E, Frassinetti
F, Coslett HB. Hemispatial neglect: Subtypes, neuroanatomy, and disability. Neurology.
2004; 62:749-756. https://doi.org/10.1212/01.WNL.0000113730.73031.F4


https://doi.org/10.1006/brcg.1995.1004
https://doi.org/10.1016/S0028-3932(03)00038-1
https://doi.org/10.1097/00001756-199602290-00027
https://doi.org/10.1097/00001756-199602290-00027
https://doi.org/10.1016/j.visres.2011.02.005

	Springer cover
	The Ties That Bind: Agnosia, Neglect and Selective Attention to Visual Scale

	Whitwell et al. 2021 Visual Form Agnosia

