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ABSTRACT

Examination of neuropsychological syndromes suggests strong congruence
between neurcanatomical and functional neocortical metrics. Two cortical
syndromes disrupt cognitively close functions if and only if their neuroanatomical
territories are close. To capture this relationship, the concept of a cognitive
gradient is introduced as a basic unit of macroscopic neocortical brain-behavioral
analysis. A cognitive gradient is a continuous distribution of related functions
along an axis defined at ils extremes by a pair of sensory projection or motor
arcas, Cortical gradiental structure is viewed as a fundamental symmetric
organization on which hemispheric elaborations are superimposed. The gradien-
tal structure of the left hemisphere is presented in detail as an illustration of the
concept. [t is presumed that a similar set of elaborations can be uncovered for the
right hemisphere. The gradiental model implies that at least from the macroscopic
standpoint, functional neocortical organization is to a substantial degree
continuous, interactive, and emergent, as opposed to mosaic, modular, and
prededicated. 1t is proposed that a shift from latter to former properties signified a
major development in the evolution of the brain. Thalamo-cortical integration
may represent coexistence of evolutionally early and recent principles of cercbral
organization.

[.THE CONCEPT OF A COGNITIVE GRADIENT

Attempts to understand the principles of cerebral localization of functions in
man have resulted in two basic approaches. The first approach is aimed at the
formulation of fundamental dichotomies (left-right, anterior-posterior) and
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emphasizes horizontal aspects of cortical organization {Bogen, 1969; Sperry,
1966). The second approach emphasizes the hierarchic aspect of cerebral
organization. The brain is viewed as consisting of “vertically” interrelated
structures providing different levels of integration (Bernstein, 1967; Hughlings
Jackson, 1931, 1932; Miller, Galanter, & Pribram, 1960).

The purpose of this paper is to introduce another approach to the brain-
behavorial relations in the neocortex, the gradiental approach. Like the first,
dichotomous approach, it emphasizes the horizontal aspect of cerebral
organization. It emphasizes, however, its continuous rather than oppositional,
discrete aspect. Like the hierarchic approach, the gradiental approach makes
substantial use of the concept of the levels of funciional integration. It
emphasizes, however, relations across the levels rather than the structure of the
hierarchy itself, and concentrates on cortico-cortical rather than neuroaxially
“vertical” integrations.

It is proposed that the gradiental approach captures an aspect of cortical
organization which is as fundamental as the ones reflected in dichotomous and
hierarchic approaches. The three approaches are viewed not as mutually
exclusive, but as capturing complementary aspects of cerebral organization,

Phenomena of focal brain damage in humans will be reviewed with the
attempt to reconstruct the properties of normal organization. Although existing
empirical evidence does not permit a complete, detailed substantiation of the
gradiental approach at this time, [ feel that its introduction is justified at least as
a heuristic device.

This paper provides a preliminary introduction of the gradiental approach
based solely on clinical neuropsychological evidence, Complete rendition of the
subject would require careful neurcanatomical and neurodevelopmental re-
views. Such a discussion of the gradiental approach will be the subject of a
future publication.

A strong continuity exists between the work of Alexandr Luria and the
gradiental model, which 1 developed while a graduate student of his in the early
seventies. The model has been clearly influenced by Luria’s (1980} notion of
“dynamic functional systems™ and his assumption of a three-level functional
hierarchy of “primary” sensory projection, “secondary™ modality-specific, and
“tertiary’ associative cortices. The gradiental approach makes use of this
assumption.

My work on the gradiental approach was not informed by the current studies
in parallel distributed processing (PDP). It grew out of the macroscopic
neuropsychological context and with a clinical audience in mind {Goldberg,
1978). Having familiarized mysellf with the ideas of PDP (McClelland &
Rumelhart, 1986; Rumelhart & McClelland, 1986), however, | find a strong
affinity between them and the gradiental approach, Although specific parallels
between gradiental and PDP concepts run the risk of being superficial {due to
the discrepancy between the microscopic level of PDP analysis and the
macroscopic level of the gradiental approach), [ completely share the hope that
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“we will soon see real synergistic interactions between neuropsychology and
parallel modeling™ (McClelland & Rumelhart, 1986, p.551).

In terms of the scope of phenomena that the gradiental model attempis to
explain, it is comparable to the disconnection model of Geschwind (1965) and
the modular model of Fodor (1983, 1985), which | consider similar. The
gradiental approach, however, offers an account which is opposite to these two
models, by emphasizing continuous interactions within the grey matter rather
than white matter-mediated communications between distinet, distant struc-
tures. As [ will argue below, these approaches are not necessarily mutually
exclusive, and they may be capturing complementary, coexisting principles of
neural organization. The gradiental approach emphasizes those aspects of
cortico-cortical interactions which are mediated by short, mostly nonmyeli-
nated fibers, whereas the disconnection model of Geschwind emphasizes
interactions mediated by major fasciculi. The exact relative roles of these two
types of integration are yet to be determined.

Central to the gradiental approach is the premise of a high degree of
consistency between the spatial and functional metrics of the neocortex. By the
spatial metric the physical distribution of various cortical regions is meant. By
the functional metric I mean a set of “distances™ which characterize the
relationship between various cortical areas in terms of the cognitive characteris-
tics of the functions mediated by them. It is proposed that an isomorphic or
near-isomorphic relationship exisis between the two. This means that any two
cortical regions are functionally close if and only if they are spatially close.

The notion of a cognitive gradient is only as viable as the premise of cortical
spatial-functional isomorphism is correct. A cognitive gradient is an array of
functionally distinct cortical regions aligned along the axis defined at its
extremes by two areas ol primary sensory cortical projections (A, B). It is
assumed that the cortical regions along such an axis adhere to the rule of spatial-
functional isomorphism: Areas physically closest to sensory projection area A
are functionally dominated by that sensory modality. As one moves away [rom
pole A, one encounters areas critical for intermodal integration between
modalities A and B. As one proceeds further along the axis toward pole B, one
encounters cortical regions dominated by sensory modality B. The schematic,
invariant structure of a cognitive gradient is illustrated in Figure 1.

Level 1n. Level 2.u. Level 3 AB Level EE Level 1B

A

Figure 1. Schematic representation of a cognitive gradient.
A and B - two sensory modalities. Levels 1A and 1B - corresponding cortical
primary sensory projection arcas. Levels 24 and 2B - corresponding secon-
dary, modality-specific cortical arcas. Level JAB - associative, tertiary cortex,
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It is clear that any cognitive gradient thus defined invariably consists of three
tvpes of areas as described in hierarchic terms. It by definition includes two
primary cortical sensory projection areas at its extremes (level 1). Adjacent to
each of them is an area which in hierarchic terms would be labeled a level 2 area,
i.e., an arca of higher order but still modality-specific integration. Finally, in the
center of the gradient a level 3 area is found, which can be characterized as
associative, modality-nonspecific. This establishes the relationship between the
vertical, hierarchic and the horizontal, gradiental dimensions of cortical
localization. The notion of “level™ is used here in a strictly cognitive rather than
neuroanatomical sense. Although cytoarchitectonic stratification is presumed
to roughly parallel the functional stratification of neocortex, the exact
relationship between the two taxonomies is not discussed in this paper.

My purpose is not to give an exhaustive acount of neuropsychological
phenomena and syndromes, but to introduce a certain principle of cerebral
organization. The illustration of this principle is limited in this paper to the left
hemisphere. It is assumed that the gradiental principle is equally applicable to
the functional organization of the right hemisphere.

II. COGNITIVE GRADIENTS OF POSTERIOR LEFT HEMISPHERE

By the definition of a cognitive gradient, there should be three of them in each of
the posterior halves of the two hemispheres: occipito-temporal, occipito-
parietal, and temporo-parietal. Symbols O, P, and T will be used to denote the
extreme points of the three gradients, The occipito-temporal gradient is defined
by the O-T pair; the occipito-parietal gradient by the O-P pair; and the temporo-
parietal gradient by the T-P pair. Each gradient has level 1, level 2 and level 3
components. Level | components are defined by the three areas of primary
sensory cortical projections: the occipital striate Brodmann area 17 (0O1), the
parietal, postcentral gyrus Brodmann areas 3, 1 and 2 (P1), and the temporal
Herschl area,Brodmann areas 41 and 42 (T1), (Carpenter, 1976). These extreme
points of the gradients are presumed to be functionally equivalent in the two
hemispheres at least at a gross level of analysis (Carpenter, 1976). We will refer
to modality-specific level 2 components as 02, P2, and T2; and to associative,
level 3 components involved in intermodal integration as OP3, OT3, and PT3,
Figure 2 provides a schematic representation of the posterior cortical gradiental
structure and the hierarchic composition of each gradient. In this schematic
form, the diagram equally applies to either hemisphere.

1. Associative Apnosias

The extreme points of the three left posterior gradients have already been
defined, since it is presumed that they are functionally equivalent for the two
hemispheres, Secondary, level 2 components of the cognitive gradients of the
posterior left hemisphere will now be specified. It is proposed that all level 2
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areas of modality-specific higher order perceptual integration in the left
hemisphere can be characterized in similar terms. All three are critical for
categorical stimulus identification, in other words for recognizing specific
exemplars as members of generic categories. When damage occurs to any of
these three areas, a particular form of associative, “symbaolic™ agnosia occurs.

Visual object agnosia (or “associative blindness,” or “psychic blindness™) was
first described by Lissauer (1890)and Freud (1891) and more recently by Albert,
Reches, and Silverberg (1975), De Renzi and Spinnler (1966), Hécaen and
Albert (1978), Hécaen and Angelergues (1963), Hecaen, Goldblum, Masure,
and Ramier (1974), Luria (1980), Rubens and Benson (1971) and Warrington
(1975). The syndrome is characterized by the dissociation between an intact
visual sensory and perceptual analysis, and an impaired ability to assign the
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Figure 2. Gradiental structure of posterior cortex.

01 - primary visual cortex (Brodmann arca 17); T1 - primary auditory cortex
(Brodmann areas 41 and 42); P1 - primary somatosensory cortex {Brodmann
areas 3, | and 2). O2 - secondary visual cortex (Brodmann areas 18 and 19), T2
secondary auditory cortex (Brodmann arca 22, or posterior portion of the
superior temporal gyrus); P2 - sccondary somatosensory arca (Brodmann
areas 5 and 7, or superior parietal lobule). OT3 - associative inferotemporal
cortex; PT3 associative cortex (supramarginal gyrus division of the inferior
parictal lobule); OP3 - associative cortex (angular gyrus division of the inferior
parictal lobule). These abbreviations refer to corresponding arcas in the left
hemisphere when amended by L, and the right hemisphere when amended by
R.

Damage to O2L produces visual object agnosia; OT3L - lexical deficit of
Wernicke's type (when more anterior) and anomic aphasia (when more
posterior); T2L - acoustic agnosia and semantic associative auditory agnosia;
PT3L - semantic aphasia and acalculia of spatial type; P2L - tactile agnosia;
(OP3L - ideational apraxia and spatial apractagnosia.
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visual stimulus to a generic category, to discern its “‘meaning.” Upon visual
examination of an object, the patient can accurately describe its sensory and
perceptual attributes and even copy it but he is unable to identify it by name,
through a functional description, or a pantomime. The deficit is not a linguistic
one, since not only the ability to name the object but also the ability to convey its
meaning through nonverbal means suffers, and the deficit is limited to visual
inputs. When the patient is allowed to touch the object, smell or hear its
characteristic odor or sound, the identification becomes possible. It is not,
however, an elementary sensory or perceptual deficit, since the perceptual
pattern analysis is intact or near-intact.

The neuroanatomy of visual object agnosia has been invariably associated
with the periphery of the occipital lobe, close to its border with the temporal and
parietal lobes { Albert et al. 1975; Benson, Segarra, & Albert, 1974; Hécaenet al.,
1974; Rubens & Benson, 1971; Warrington, 1975). Although some authors
emphasize the bilateral nature of the lesion (Albert et al., 1975; Hoff & Poetzl,
1935), most regard the left occipital area the site of the critical lesion {Benson et
al., 1974; Hécaen et al., 1974; Lhermitte, Chedru, & Chain, 1973; Nielsen, 1937;
Rubens & Benson, 1971; Warrington, 1975).

On the basis of the aforedescribed clinical material, 1 conclude that the
normal function of the left occipital periphery (Brodmann areas 19 and in part
18) on its junction with the temporal and parietal lobes, involves categorical
identification of visual percepts which is a form of higher order wvisual
perceptual integration. It corresponds to area O2 in the diagram of the left
posterior gradiental structure (Figure 2).

Tactile agnosia (or “pure astereognosia,” or “tactile asymbaolia™) is in a sense,
the tactile equivalent of visual object agnosia { Bauer & Rubens, 1985; Hécaen &
Albert, 1978; Lhermitte & de Ajuriaguerra, 1938; Luria, 1980; Wernicke, 1894).
The ability to identify the object by touch as a member of a meaningful generic
category suffers in either hand, although it can be accomplished in other sensory
modalities. The ability to describe separate tactile properties of the stimulus is
spared.

The anatomy of this form of astereognosia implicates secondary parietal
areas of the left hemisphere which correspond to Brodmann areas 5 and 7, the
superior parietal lobule (Lhermitte & Ajuriaguerra, 1938; Luria, 1980). On the
basis of aforedescribed clinical material, I conclude that the normal function of
this area involves categorical identification of tactile and proprioceptive
percepts, which is a form of higher order somatosensory perceptual integration.
This is area P2 in the schematic representation of the left posterior gradiental
structure (Figure 2).

Acoustic agnosia is the term used by Luria (1980) to denote a clinical syndrome
similar but not identical to Wernicke’s aphasia (Goodglass, 1980, Goodglass &
Geschwind, 1976). Acoustic agnosia is a deficit of phonemic hearing in the
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absence of elementary hearing loss or primary articulation deficit. It is a
categorical disorder, in which the perception of the “physical identity™ of the
sound may be intact but the ability to classify it as an allophone of a particular
phonemic class is impaired (Luria, 1970, 1980). This description is not
substantially different from that of Wernicke's aphasia. In explaining the
mechanism of paraphasias of Wernicke's type, Goodglass { 1980) also proposes
the breakdown of phonological retrieval.

The neuroanatomical descriptions of the critical lesions responsible for
“acoustic agnosia” and “Wernicke's aphasia™ are virtually identical: both
implicate the posterior portion of the superior temporal gyrus in the left
hemisphere.

A related syndrome of “*semantic associative™ auditory agnosia has also been
described (Faglioni, Spinnler, & Vignolo, 1969; Spinnler & Vignolo, 1966;
Vignolo, 1982). It involves an inability to understand the “meaning™ of
nonverbal sounds and noises, i.e., associate them with correct sources. Purely
auditory perceptual aspects of analysis are, however, intact (e.g., the patient’s
capacity for *same-different” judgement with respect of nonverbal sounds), nor
is amusia present. Semantic associative auditory agnosia usually co-occurs with
Wernicke's aphasia and the neuroanatomical territories of both conditions are
invariably associated with left temporal damage.

It is not clear whether acoustic agnosia/Wernicke’s aphasia and semantic
associative auditory agnosia represent two entities with different mechanisms
but adjacent neuroanatomical territories, or two aspects of the same syndrome
with the same underlying mechanism, although the latter appears more likely.

On the basis of aforedescribed clinical material, I conclude that the normal
{unction of the secondary temporal area (posterior portion of the superior
temporal gyrus, or Brodmann area 22) of the left hemisphere involves
categorical recognition of auditory stimulus patterns, which is a higher-order
form of auditory perception. This function is critical both in the linguistic
context for phonemic hearing, and in nonlinguistic contexts for the categoriza-
tion of environmental sounds. The corresponding area is T2 in the schematic
representation of the left posterior gradiental structure (Figure 2).

All three secondary modality-specific, level 2 areas of the posterior portion of
the left hemisphere share the same fundamenal propertv. They provide the
capacity to identify unique stimulus patterns as members of generic categorics.
Each of the three areas ensures this in a particular, single sensory modality:
visual, somatosensory, or auditory. It is proposed that the categorical
processing is the basic function of the posterior portion of the left hemisphere.
This point of view is distinctly different from the one regarding language as the
fundamental attribute of the left hemisphere. The concept of categorical
processing as used here is broader and can be viewed as more fundamental both
on developmental and evelutional grounds, than the concept of language. In
fact, it can be viewed as the evolutional and cultural precursor of language.

We are now ready o review the associative, level 3 areas and by this complete
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numbers” are commonly associated with lesions of the left angular gyrus
(Benson & Geschwind, 1969; Hécaen, 1967; Henschen, 1925; Levin & Spiers,
1985; Nielsen & Raney, 1938).

The two types of deficits - ideational apraxia and *‘apractagnosias™
(including alexia and agraphia) - usually co-occur (Friedman & Albert, 1985;
Luria, 1980). They constitute two clinical forms of the same fundamental
deficit; disintegration of the visuo-spatial synthesis with respect to categorical
representations. ““Apractagnosia” is by definition characterized by the deficit of
processing of symbolic, generic representations. Ideational apraxia should be
regarded as categorical since the affected “motor engrams” describe motor
programs invariant across a variety of specific conditions, applicable to any
object of a given class and executable by any limb. An engram of a skilled
movement must contain both spatial and sequential information. Its cortical
substrate is likely to be distributed between parietal (spatial) and premotor
{(sequential) regions. Ideational apraxia represents the breakdown of the spatial
aspect of the engrams of skilled movements. Its anterior, sequential counterpart
will be deseribed later under the name of limb-kinetic apraxia.

On the basis of the aforedescribed clinical material, I conclude that the left
parieto-occipital junction (angular gyrus) is critical for intermodal, associative
integration between higher order visual and somatosensory/spatial informa-
tion which is symbuolie, representational in nature, This is OP3, the level 3
component of the occipito-parietal gradient. The cognitive properties of this
area are in agreement with its neuroanatomical geometry. Both cognitively and
anatomically, it is situated between the wvisual modality-specific and the
somatosensory/spatial modality-specific areas. The rule of cognitive-neuroan-
atomical isomorphism appears to hold along the left occipito-parietal cognitive
gradient. It can be otherwise referred to as the visuo-spatial gradient of
symbolic representations.

3. Syndromes of the Left Temporo-Parietal Junction

Semantic aphasia. Head (1926) and Luria (1970, 1980) maintain that lesions of
the left temporo-parietal areas lead to a deficit of comprehending and
expressing asymmetric propositional constructions. These include spatial (“'to
the right of” vs. “to the left of™), temporal (“before™ vs. “after) and other
comparative relations (“smaller” vs. “larger”, “taller” vs. “‘shorter”), passive
voice and possessive case (“father’s brother™ vs. “brother’s father™). The
patient cannot interpret reversible constructions devoid of lexical redundancy.
By contrast, phonological and lexical aspects of language are preserved. Luria
terms this syndrome “semantic aphasia.” It closely resembles the “morpholog-
ical agrammatism™ described by Tissot, Mounin, Lhermitte, & Dordain (1973).

Acalculia. Various types of acalculia have been described. “Acalculia of the
spatial type” (Levin & Spiers, 1985; Luria, 1980) is of a particular relevance
here. It is characterized by the disintegration of the decimal structure of
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numbers and of the appreciation of the spatial asymmetries implicit in this
structure. The patients cannot properly align compound multi-digit numbers in
written computations or even understand their meaning. It is different from
alexia/agraphia for numbers in that the ability to read or write separate digits is
preserved. Spatial acalculia is usually associated with the inferoparietal, post-
Rolandic lesions (Levin & Spiers, 1985; Luria, 1980).

Luria (1980) proposed that the cognitive mechanism of “semantic aphasia™ is
related to the disintegration of the spatial basis of relational constructions. This
implies that normal cognitive representations of a wide range of relational
concepts are spatial or “*quasispatial™ in nature, This is true, according to Luria,
not only for spatial relations proper, but also for temporal, and any quantity
relations, as well as for those expressed by passive voice and possessive case.

Likewise, Luria (1980) regards acalculia of the spatial type to be secondary to
the disintegration of the spatial basis of numerical concepts. This implies that
normal cognitive representations of numbers and numeric operations have a
very strong spatial component, a conclusion based on cultural-anthropological
and developmental considerations.

This reasoning implies that the syndromes of “semantic aphasia™ and
“acalculia of the spatial type™ represent two manifestations of the same
fundamental cognitive deficit: disintegration of the spatial aspect of cognitive
representations underlying linguistic and other symbolic (e.g. numeric) codes,
Indeed, “semantic aphasia™ and acalculia are highly correlated. It is proposed
that the cognitive dimension whose disintegration leads to “semantic aphasia™
and “‘spatial acalculia,” is that of the interface and intrinsically intermaodal
integration between auditory-based linguistic (and quasilinguistic) codes and
somatosensory-based spatial schemata.

In terms of its cognitive status, the proposed cognitive dimension of “linguo-
spatial interface™, or “spatial basis for linguistic representations” adheres
closely to the properties expected of the middle, level 3 segment of the left
temporo-parictal gradient, or area PT in our notation (Figure 2). Disintegration
of this cognitive dimension is indeed associated with damage to the left
inferoparietal area.

4. Neurolinguistic Digression: Cortical Representation of Lexicon
Before proceeding with the discussion of cortical cognitive gradients, we must
discuss cerebral representation of lexical knowledge in general terms. Logically,
two extreme possibilities exist: (a) that cerebral representation of lexical
knowledge is modular, and separated from the representations of those aspects
of physical world which it denates; (b) that it is distributed and is in close
neuroanatomical relationship with cerebral representations of the various
aspects of physical world denoted by it.

The assumption of “‘separateness” of lexical vs. perceptual cerebral represen-
tations was implicit in the **disconnection” view of anomia (Geschwind, 1965
1967; Geschwind & Kaplan, 1962). The alternative idea of the distributed nature
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of cerebral representation of lexical knowledge is supported by the findings that
semantic knowledge, or the *mental dictionary™ itself is impaired in anomias.
The “semantic deficit”™ hypothesis implies that in anomic patients, the
hierarchic organization of the physical world representations is itself disrupted.
Three lines of evidence support this conclusion: that in anomic patients
categorization processes are impaired not only with respect to names but also
pictures of objects (Grober, Perecman, Kellar, & Brown, 1980; Zurif, Cara-
mazza, Myerson, & Galvin, 1974); that in tasks requiring classification of
pictorial representations into functionally defined categories, anomic patients
fail to use “semantically guided, perceptual parsing”™ (Whitchouse, Caramazza,
& Zuril, 1978, Caramazza, Berndt, & Brownell, 1982); and that perceptual
degradation of pictorial images exacerbates anomia (Benton, Smith, & Lang,
1972; Bisiach, 1966; North, 1971).

This implies that lexical-semantic and perceptual-categorical “dictionaries™
are functionally intertwined and involve similar encoding units (Miller &
Johnson-Laird, 1976). It is possible that the cerebral representations of the two
“dictionaries™ are intertwined alse neuroanatomically, which implies the
distributed nature of cerchral representation of lexicon. Lexical-semantic
representations are presumed then to be localized in close proximity to, and
possibly even strongly overlap with the areas in which representations of
corresponding aspects of the physical world are localized.

Although most representations of things and events are multimodal, some
are more dependent on certain modalities than on others. Thus representations
of static objects are likely to be encoded with a particular reliance on the visual
modality (Beauvois, 1982; Goodglass, Barton, & Kaplan, 1968), and represen-
tations of actions are more based on motor images than representations of
colors. This means, among other things, that cerebral representations of
concrete nouns (the lexical domain which denotes objects) are expected to be in
the intimate proximity to the cortical areas involved in visual processing, the
occipital cortex, and cerebral representations of concrete verbs in the intimate
proximity to the cortical areas involved in the control over motor sequences, the
premotor cortex. Likewise, more abstract concepts denoting actions may be
represented in close proximity to prefrontal convexity.,

Lexical deficit is usually reported in posterior {Wernicke™s and anomic)
aphasias (Damasio, McKee, & Damasio, 1979; Coughlan & Warrington, 1978;
Grober et al., 1980; Whitehouse et al., 1978; Yamadori & Albert, 1973: Zurif et
al., 1974). However, these studies utilized only nouns, but not verbs, and cannot
therefore assess the possibility of verb-noun, anterior-posterior double dissoci-
ation. McCarthy and Warrington (1985) reported a case of extremely impaired
comprehension and retrieval of verbs and action names but intact competence
for nouns. The case is neuroanatomically uninformative since diffuse cortical
atrophy was present. It is important, nevertheless, since it provides clear
evidence of a reverse dissociation, lexical deficit for verbs but not nouns.

Only few studies explicitly compared competence for nouns and verbs.



