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Bálint’s syndrome is named after the Hungarian physician who first reported a remarkable case of a man with complex visuospatial deficits following bilateral lesions within parietal and occipital cortex (Bálint, 1909). The syndrome has three primary symptoms: simultanagnosia (impaired spatial awareness of more than one object at time), optic ataxia (misreaching to visual targets) and ocular apraxia (described by Bálint as “psychic paralysis of gaze”). Balint’s patients not only cannot perceive more than one object at time and therefore show poor comprehension of multi-object visual scenes i.e. poor detection of all the objects present and difficulty in grasping the relationship between them; in addition they typically fail to reach towards location of the single object, which they can perceive. The deficit of the allocation of spatial attention in Balint’s syndrome has been linked to a problem in feature binding which results in illusory conjunctions. Patients with Balint’s syndrome also show deficits in global processing i.e. when integration of multiple local elements into global compound shapes is required. Consequently, Balint’s syndrome provides a unique opportunity to study the nature and neuroanatomy of human visuospatial processing, in particular multi-level object representation, spatial awareness and the distribution of visual attention. The studies collected here cover both the anatomical and the cognitive mechanisms of the different symptoms associated with the syndrome. Furthermore, the dissociations between the components of Bálints’ syndrome, in particular simultanagnosia and optic ataxia, can also co-occur with visual neglect and extinction and the different combinations of reported lesions raises a question about the status of the syndrome and whether it should be merely treated as a historical compilation of symptoms which may or may not coexist cohesively. This interesting argument is raised here.
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In 1909 a Hungarian physician, Rezsö Bálint, published the first report of a striking visual problem in a patient with bilateral parietal lesions (Bálint, 1909). Bálint had studied his remarkable patient for several years, starting in 1903, struggling to fully understand the nature of the complex neurological disorder. The disorder was characterized by problems in simultaneously processing multiple items resulting in poor interpretation of complex visual scenes, sensory inattention, and deficits in visually guided limb and eye movements (Bálint, 1909). While Balint's subsequent clinical work took him away from neurology to general medicine, the 1909 case study remains his lasting legacy and helped to define a syndrome now named after him (Husain and Stein, 1988; Rizzo and Vecera, 2002). Since Balint's first publication, several other cases have been published and in its current status the syndrome is described to comprise of several primary symptoms including simultanagnosia (impaired spatial awareness of more than one object at time), optic ataxia (misreaching to visual targets), ocular apraxia (described by Bálint as “psychic paralysis of gaze”) and general visuospatial disorientation (Bálint, 1909; Wolpert, 1924; Rizzo and Vecera, 2002). Affected individuals often behave as if they are blind due to the lack of normal visual awareness of the surrounding world, which for them can appear to be a chaotic compilation of random single objects. The disorder has a severe impact on everyday living. Simple and previously easy tasks such as walking or eating and drinking become very difficult due to the patient perceiving only one object at a time, failing to appreciate the relationships between different items and having problems with reaching and grasping objects. Not surprisingly given what the disorder might tell us about spatial awareness, object perception and action, Bálint's syndrome has captivated the interest of researchers aiming to understand the underlying functional and neural processes.

There are many interesting questions to raise about the syndrome. First, the individual symptoms of the syndrome not only dissociate but also represent very wide categories of deficits often difficult to assess with standard neuropsychological tests and varying significantly between individual cases (Damasio et al., 2000; Rizzo and Vecera, 2002; Jackson et al., 2005). Secondly, while the original case reported by Bálint occurred following bilateral parietal lesions, different lesion combinations have been described in the literature (for review see Rizzo and Vecera, 2002; Chechlacz et al., 2012). Finally, the syndrome has been reported to result from diverse aetiologies including bilateral strokes, intracranial tumors, traumatic brain damage and neurodegenerative conditions including posterior cortical atrophy (PCA) and Alzheimer's disease (Benson et al., 1988; Hof et al., 1990; Damasio et al., 2000; Rizzo and Vecera, 2002). The syndrome is infrequent and each individual case offers unique perspectives into the cognitive and neural mechanisms underlying the disorder. The aim of this special issue then is to bring together into a single forum current research on the syndrome. The studies collected here cover both the anatomical and the cognitive mechanisms of the different symptoms associated with the syndrome.

The most striking and most widely studied symptom associated with Bálint's syndrome is simultanagnosia. Simultanagnosia was defined by Wopert as an inability to interpret complex visual displays due to problems with processing multiple items and the relations between them (Wolpert, 1924). Dalrymple et al. (2013) provide here a review of processing deficits in simultanagnosia focusing on object-based versus space-based attention. Two further articles in this Special Issue (Meek et al., 2013a; Shakespeare et al., 2013) examine deficits in complex scene perception in PCA—a disorder in which the clinical presentation often encompasses Bálint's syndrome as its key feature.

Simultanagnosia has been frequently associated with deficits in global processing when the integration of multiple local elements into global compound shapes is required (e.g., Karnath et al., 2000; Shalev et al., 2005). Interestingly, though the patients are typically poor at explicitly reporting global compound shapes, there is evidence that global processing may take place implicitly. Here, Mevorach et al. (2013) report a case study of a patient who was able to respond accurately to both global and local targets when they were presented as the salient aspects of the compound letter, but the patient was then unable to report the alternative level. The complex nature of global/local processing and the potential mechanisms contributing to deficits observed in simultanagnosic patients are also addressed here by two other studies, which examine the cognitive and neural substrates of Gestalt perception in healthy individuals (Rennig et al., 2013a,b). The first study by Rennig et al. (2013b) demonstrates the important role of size constancy for hierarchical object processing (the integration of local elements into global objects) using a paradigm based on the Kanizsa illusion. The second paper (Rennig et al., 2013a) compares BOLD responses in chess experts vs chess novices using ROI analyses of data from four fMRI studies. This paper elegantly demonstrates that the temporo-parietal junction (a region frequently reported to be damaged in simultanagnosic patients) plays a critical role in the processing of complex, learned visual stimulus configurations (Rennig et al., 2013a).

Optic ataxia, defined as an impairment in visually guided reaching, is one of the constituent symptoms of Bálint's syndrome following bilateral parietal lesions but the disorder is also often reported in isolation of Bálint's syndrome in patients with unilateral lesions to the superior parietal lobule of either hemisphere (e.g., Auerbach and Alexander, 1981; Ferro, 1984; Perenin and Vighetto, 1988; Karnath and Perenin, 2005). Cavina-Pratesi et al. (2013) here present a thorough examination of deficits in visually guided action in a patient with unilateral extensive lesion within left posterior parietal cortex (PPC). Based on their single case analysis these authors draw a model of the functional organization of the PPC (subdivided based on specific end-goals such as reaching, grasping, or looking). The second case study included here is by Khan et al. (2013), who examined optic ataxia in the presence of blind field (hemianopia) using a saccadic visual updating paradigm. This paradigm aims to examine whether and how information viewed in the intact visual field is remapped into the blind field and then used for object reaching. Similarly to simultanagnosia, optic ataxia has been reported in PCA patients and Meek et al. (2013b) provide a comprehensive evaluation of reaching and grasping deficits in this clinical population. Importantly, the authors contrast deficits associated with optic ataxia resulting from PCA and visuomotor problems reported in other clinical populations with optic ataxia. Difficulties in understanding the symptoms of Bálint's syndrome, including optic ataxia, also arise from the fact that many studies are based on single cases and the paucity of standard neuropsychological testing tools result in problems with generalizing case findings. In view of that, Borchers et al. (2013) discuss the guidelines for the clinical diagnosis of optic ataxia with the aim being to move one step closer to developing standardized diagnostic tools and thus improving comparisons between different studies.

Poor initiation of saccadic eye movements is characteristic of ocular apraxia, the third and the least documented of the components of Bálint's syndrome. Bálint described this symptom as an inability to shift gaze voluntarily despite intact eye rotation (Bálint, 1909). Based on his original report as well as on later described cases, it is not entirely clear whether the “psychic paralysis of gaze” as originally described by Bálint occurs on its own without other visuospatial deficits and depends solely on parietal damage (Rizzo and Vecera, 2002). Ptak and Muri (2013) here provide a comprehensive review of the role of the parietal cortex in saccade planning, contrasting (i) the findings from behavioral analyses combined with lesion mapping in patients with unilateral parietal lesions (spatial neglect patients) and (ii) impairments in saccade planning in patients with bilateral parietal lesions (Bálint's patients).

The papers compiled in this special topic dedicated to Bálint's syndrome show that, despite the hundred years since Rezsö Bálint was first puzzled by the complex and severe visuospatial deficits in his patient, the analysis of the syndrome continues and we are still some way from reaching definitive conclusions. The current papers highlight each of the symptoms that characterize the syndrome and thus, even in an indirect way, question the extent to which the syndrome is unitary (see also Rizzo, 1993; Damasio et al., 2000; Rizzo and Vecera, 2002). A major question for future research is whether, when there are co-occurring deficits, they are functionally related or not. The overlap and dissociations between the symptoms of this complex syndrome will remain an important topic for research for some time to come.
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Simultanagnosia is a disorder of visual attention that leaves a patient's world unglued: scenes and objects are perceived in a piecemeal manner. It is generally agreed that simultanagnosia is related to an impairment of attention, but it is unclear whether this impairment is object- or space-based in nature. We first consider the findings that support a concept of simultanagnosia as deficit of object-based attention. We then examine the evidence suggesting that simultanagnosia results from damage to a space-based attentional system, and in particular a model of simultanagnosia as a narrowed spatial window of attention. We ask whether seemingly object-based deficits can be explained by space-based mechanisms, and consider the evidence that object processing influences spatial deficits in this condition. Finally, we discuss limitations of a space-based attentional explanation.

Keywords: Bálint syndrome, simultanagnosia, object-based attention, space-based attention, vision

Look around at your surroundings: the room you are sitting in, the pictures on the walls, the desk in front of you, and the words on this page. Your visual system is processing a wealth of information about those objects, such as their size, shape, color, and location. Although your visual system fits all these elements together to create a coherent picture of your world, patients with simultanagnosia view the world in a chaotic manner (Rafal, 2001). These patients can see only one object at a time and sometimes only pieces of objects, unaware that they are locked on just one component of a larger form. What they can see cannot be located in space, likely because they see nothing else that can provide a reference point to situate objects in the world (Rafal, 2003).

The term simultanagnosia was coined by Wolpert (1924), who described it as an ability to perceive the individual elements of a scene, without the ability to synthesize the overall meaning of the scene. Farah (1990) later specified the existence of dorsal (as opposed to ventral1) simultanagnosia, which results from bilateral parieto-occipital damage, including the intraparietal sulcus and bilateral visuospatial white matter pathways (Chechlacz et al., 2012a), and is best described as a restriction of visual attention such that the patient is only aware of one object at a time (Rizzo and Vecera, 2002; Moreaud, 2003; Rafal, 2003). Despite intact visual acuity, the attentional deficit of simultanagnosia can be so debilitating that patients are often described as being functionally blind (Holmes and Horrax, 1919; Rafal, 1997; Kim and Robertson, 2001). Patients may see “an ant or an elephant, but only one object at a time” (Rafal, 2001, p. 122), and cannot localize these items nor use visual information to interact with them.

In an early study of a patient with Bálint syndrome, of which simultanagnosia forms an important part, Holmes and Horrax (1919) identified the simultanagnosic deficit as “visual inattention.” The patient's inability to see more than one object at a time was not due to blindness, they explained, because he had fully functioning retinas2. “The essential feature was his inability to direct his attention to, and take cognizance of, two or more objects that threw their images on the seeing portion of his retinae. As this occurred no matter on what parts of his retinae the images fell, it must be attributed to a special disturbance or limitation of attention … ” (Holmes and Horrax, 1919, p. 390).

There are several ways to conceptualize what attention is and how the visual system uses attention to create a coherent visual scene. The visual system is constantly flooded with information about different objects and stimuli and one must select a subset of this information for further processing. Attention is the mechanism that allows this selection to occur, but there are competing theories about what guides that selection. One type of attentional selection is object-based: attention is directed to objects that are defined based on pre-attentive segmentation in accordance with basic grouping principles (e.g., Duncan, 1984; Driver and Baylis, 1989). A second type of attentional selection is space-based: attention is directed to locations in space irrespective of objects (Posner et al., 1980). Given that visual attention is involved in creating a coherent visual representation of our world, attribution of the piecemeal perception of simultanagnosia to a faulty attentional system is not surprising, but is the attentional deficit primarily object-based, or space-based in nature? Simultanagnosia is often conceptualized as an object-based disorder, in that the attention involved in selecting objects or their features is compromised. An alternate account is that simultanagnosia is a space-based disorder of attention: if attention can only process information within one restricted location, it may be difficult to select more than one object at a time. While there is no reason why object- and space-based attentional deficits cannot both be present in this syndrome, it is worth considering whether one deficit can also account for at least a fair share of the findings usually considered as evidence for the other. For example, while the limitation of recognition to single objects in simultanagnosia could suggest reduced capacity of object-based selection, it could alternatively be conceptualized as preserved object-based selection, in that patients can recognize single objects, coupled with impaired space-based attention, which restricts the number of objects that can be perceived.

In this review we first summarize what is known about the neural substrates of attention, particularly with regards to simultanagnosia and a related disorder of attention, visual neglect. We then consider the case for simultanagnosia as a result of damage to an object-based attentional system, examining the evidence that simultanagnosic patients neglect whole objects and also tend to perceive objects in parts. We then review the evidence suggesting that simultanagnosic patients suffer from damage to a space-based attentional system, in particular whether it can be understood as a restricted spatial window of attention. We next ask whether apparent object-based deficits could be explained more parsimoniously by impaired space-based mechanisms. Finally, we discuss limitations to the space-based attentional framework, alternate views of simultanagnosia, and considerations for future research.

NEURAL SUBSTRATES OF ATTENTION

Focused attention, on objects or spatial locations, is necessary for conscious perception of visual information (Neisser, 1967). In healthy individuals, “change blindness” (i.e., the inability to detect even large changes in an object or scene, Rensink et al., 1997) and the “attentional blink” (i.e., the failure to consciously perceive a stimulus that rapidly follows another stimulus, Raymond et al., 1992) are examples of how the absence of focused attention can result in a lack of awareness of features of the visual world that are in plain sight, i.e., “looking” but not “seeing” (Rizzo and Hurtig, 1987). In clinical cases of disordered attention, such as simultanagnosia and unilateral visual neglect, the failure to consciously perceive visual stimuli is pathological and provides a wealth of information about the nature of object- and space-based attention and their neuroanatomical substrates.

The relatively high prevalence of unilateral visual neglect (Stone et al., 1993; Bowen et al., 1999), which is typically considered to be a disorder of spatial attention, has allowed for a large number of investigations into the anatomy of space-based, but also object-based attention. Parallels between neglect and simultanagnosia are striking, leading some to describe simultanagnosia as “bilateral neglect” (Michel and Henaff, 2004, p. 10) though distinctions in lesion locations (Rafal, 1997) and behavioral dissimilarities suggest that this is an over simplification3. Neglect results from unilateral temporoparietal lesions and is defined by a failure to attend to information on the contralesional (usually left) side of space (Heilman and Valenstein, 1979). Of particular relevance to the present discussion, neglect has been conceptualized both in terms of spatial and object-specific deficits (e.g., Driver and Halligan, 1991; Behrmann and Moscovitch, 1994; Medina et al., 2008; Corbetta and Shulman, 2011; Chechlacz et al., 2012b). In the context of neglect, spatial deficits refer to inattention to viewer-centered (egocentric) spatial locations, while object-specific deficits refer to a failure to attend to object-centered (allocentric) locations (e.g., the left side of the object, irrespective of where the object is located relative to the perceiver). Spatial attention deficits in neglect have been linked to the dorsal stream network, particularly the right supramarginal gyrus, while object-centered deficits have been linked to more ventral regions including posterior inferior temporal, lateral occipital, and posterior middle/inferior temporal regions (Medina et al., 2008; Chechlacz et al., 2012b), suggesting a link between these types of attention and those neuroanatomical regions.

In contrast to neglect, simultanagnosia is reported in a much smaller proportion of neurological cases. The scarcity of patients and the variability in lesion locations between patients makes it difficult to determine the precise neuroanatomical regions that are affected in the disorder, or their relationship to object- versus space-based deficits. Despite these challenges, studies using techniques such as lesion overlap, voxel-based morphometry (VBM), and diffusion tensor imaging (DTI), have been used to address this issue. A recent study with a group of simultanagnosics combined these techniques to determine that bilateral damage to the medial occipito-parietal junction, the cuneus, and the inferior intra-parietal sulcus, in addition to the underlying white matter tracts, is critical for producing simultanagnosia (Chechlacz et al., 2012a). The authors attributed the white matter damage to deficits in processing speed, while damage to the occipito-parietal junction was attributed to the impaired ability to represent multiple items together and attend to global aspects of compound forms. Consistent with these interpretations, a study of a patient with transient simultanagnosia due to posterior cortical atrophy linked the medial occipito-parietal regions and the cuneus to the integration of multiple elements into a global Gestalt (Himmelbach et al., 2009), an ability that is notably impaired in simultanagnosia (Karnath et al., 2000; Shalev et al., 2004, 2007; Huberle and Karnath, 2006; Dalrymple et al., 2007). Himmelbach and colleagues used functional magnetic resonance imaging (fMRI) to determine that these areas were active when the patient successfully identified the global level of hierarchical stimuli. Riddoch et al. (2010) interpreted this finding as evidence that these areas are involved in controlling the spatial window or scale of visual attention. Along similar lines, Michel and Henaff (2004) attributed their simultanagnosic patient's deficits, which resulted from bilateral and relatively symmetrical lesions between the upper calcarine fissure and the occipito-parietal sulcus, extending to white matter in the fronto-parietal areas, to a weakening and shrinkage of the attentional visual field. Thus, different behavioral trademarks in simultanagnosia have been linked to damage to different parts of the visual attentional networks, speaking to the contributions of those areas to visual attention. We now consider how certain behaviors in simultanagnosia speak to the nature of the attentional impairments that define the disorder.

EVIDENCE FOR OBJECT-BASED DEFICITS IN SIMULTANAGNOSIA

Object-based theories suggest that attention is directed to candidate objects that are then selected for further processing. Although objects are segmented pre-attentively based on basic properties like spatial proximity, contour, or color, focal attention, which has limited capacity, selects target objects for more detailed processing (Duncan, 1984). In these theories, the limitation in attentional capacity is viewed in terms of the number of separate objects that can be perceived at once (Duncan, 1984). Simultanagnosia, the inability to see more than one object at one time, is therefore understood as an abnormal limitation of this attentional capacity: “It is whole objects that are neglected, not spatially determined parts of objects; and the objects that are neglected may occupy the same spatial coordinates as an object that is seen” (Rafal, 2001, p. 128). Patients with simultanagnosia have often been studied with the aim of determining what constitutes an object because these patients are “aware of only one entity, and typically that entity is an object rather than a constituent part” (Rafal, 2003, p. 352). However, patients have been reported to both ignore some objects in their entirety (e.g., Rizzo and Hurtig, 1987; Coslett and Saffran, 1991; Humphreys and Price, 1994; Rafal, 2001) and to see other objects in parts (e.g., Luria, 1959; Karnath et al., 2000; Riddoch and Humphreys, 2004; Huberle and Karnath, 2006; Dalrymple et al., 2007).

UNAWARENESS OF WHOLE OBJECTS

Much anecdotal evidence from bedside testing suggests that simultanagnosia is related to inattention to objects. Patients report that it is difficult to watch television because they cannot see more than one person or object at a time. Coslett and Saffran (1991) said of their patient, “she reported watching a movie in which, after a heated argument, she noted to her surprise and consternation that the character she had been watching was suddenly sent reeling across the room, apparently as a consequence of a punch thrown by a character she had never seen.” (p. 1525). Rafal (2001) reports that when a comb and a ruler were presented to patient RX, either the comb or the ruler were perceived, but not both at the same time. This can occur even if parts of both objects occupy the same location. For example, Holmes and Horrax (1919) report that a patient was able to identify the shape of a square on a page, but when a fixation cross was added, he saw only the cross, despite the fact that the square and the cross shared the same location. Humphreys and Price (1994) reported that when a word and a picture were presented simultaneously at the same location, their two patients usually reported seeing only the picture. Because they share the same location, unawareness of the second object would not appear to reflect a spatial variability of attention, such as is present in hemineglect. Even more dramatically, patients can be unaware of objects that they are fixating. Rizzo and Hurtig (1987) describe three patients with simultanagnosia who reported the spontaneous disappearance of objects from awareness, despite the fact that eye movement recordings showed that they were still fixating the objects. They attributed this “looking but not seeing” to a failure of sustained attention to objects.

Object meaning can influence inattention to objects in simultanagnosia. Coslett and Saffran (1991) found that their patient was better at identifying two simultaneously presented words when these were components of compound words (e.g., BASE and BALL) or semantically related (e.g., HOT and COLD), than when they were unrelated. Better recognition was also found for pairs of line drawings that were semantically related (e.g., both animals) than those that were unrelated (e.g., animal and tool). In both cases the spatial locations of the stimuli remain constant, therefore pointing to object-based effects that can modulate the attentional deficit of simultanagnosia (although of course this does not demand the conclusion that the deficit itself is object-based).

PART-BASED PERCEPTION OF OBJECTS

In addition to inattention to whole objects, there is evidence that patients with simultanagnosia perceive single objects in a piecemeal manner, indicating another manifestation of damage to an object-based attentional system. “Local capture” (Karnath et al., 2000) is the best demonstration of this point: patients identify the local components of an object but fail to see the global aspect of the object, even with unlimited presentation (e.g., Figure 1A; Huberle and Karnath, 2006; Dalrymple et al., 2007).
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FIGURE 1. Examples of hierarchical stimuli frequently used as stimuli in experiments with patients with Bálint syndrome, (A) global letter made up of local letters; (B) global face made up of a theme of local elements, in this case fruit. Painting by Giuseppe Arcimboldo.



The component properties of objects can influence how they are perceived. Coslett and Saffran (1991) found that their simultanagnosic patients could name words but not non-words, despite the fact that both had a similar spatial span. They suggested that words were processed as single objects, while non-word letter strings were processed as multiple objects (i.e., distinct letters). Riddoch and Humphreys (2004) reported that simultanagnosic patients were accurate at identifying objects in line drawings but had difficulty when these drawings were artificially segmented (Figure 2), despite the fact that the spatial coordinates of both types of drawings were identical. Similarly, the simultanagnosic patient SL could not make judgments about the triangular spatial relationship between three separate discs, but could do so if the solitary triangle was made explicit by adding lines connecting the discs, or surface texture to the triangle (Figure 3A; Barton et al., 2007). It has been reported that another patient did not see multiple circles until they were joined by a line, at which point he reported seeing, “two circles, resembling spectacles.” (p. 442) (Luria, 1959). When this patient saw a Star of David (Figure 3B) colored to give the impression of two overlapping triangles, he only reported one triangle, whereas when it had a single color, he saw the complete star. These types of findings are often taken as evidence regarding the properties required to strongly link disparate features into a single object. In this view, reduced object-based attention results in failure to perceive such objects when the linkage between features is weakened.
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FIGURE 2. Example of stimuli from Riddoch and Humphreys (2004) showing (A) line drawing of animate object and (B) artificial segmentation of that line drawing.
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FIGURE 3. (A) Kanizsa (illusory) triangle; (B) Star of David.



EVIDENCE FOR SPACE-BASED DEFICITS IN SIMULTANAGNOSIA

Space-based attention is the direction of attention to particular locations (Posner et al., 1980). The role of the parietal lobes in visual attention (Lynch et al., 1977; Wurtz et al., 1982; Corbetta and Shulman, 2002; Corbetta et al., 2008) and spatial processing is clear (Mishkin, 1972; Ungerleider and Mishkin, 1982). Ungerleider and Mishkin's influential 1982 review “Two cortical visual systems” cites behavioral, electrophysiological, and anatomical evidence, including a systematic ablation study with monkeys, that segregate the processing of objects (the “what” system) and the processing of space (the “where” system) into two separate neural pathways. According to this review, the ventral stream, which extends from early visual areas through the inferotemporal cortex, is responsible processing objects, while the dorsal stream, which extends from early visual areas through the parietal cortex, is responsible for processing information about space. Goodale and Miller (1992) amended this theory to suggest that the dorsal stream is responsible for computing action (the “how” stream). More recently, these authors proposed an integrated account of object and space processing, suggesting that both visual streams have been implicated in the processing of object and space information and that both streams are influenced by attention (Milner and Goodale, 2008). Chechlacz et al. (2012a) concluded that simultanagnosia results from bilateral parieto-occipital white matter disconnections within the visuospatial attention network, thus explicitly linking simultanagnosia with current understandings of the anatomical locus of space-based attention. As discussed earlier, others have similarly linked the neural substrates of simultanagnosia to space-based behavioral deficits (Michel and Henaff, 2004; Himmelbach et al., 2009; Riddoch et al., 2010). Here we consider other behavioral evidence that links simultanagnosia to impaired processing of space.

SPACE-BASED BEHAVIORAL DEFICITS IN SIMULTANAGNOSIA

Feature Integration Theory (FIT) proposes that objects are created through the binding of features that occupy the same location in space (Treisman and Gelade, 1980). While features may be processed pre-attentively, focused attention is necessary to combine features into perception of an object. Patients with simultanagnosia experience a large number of illusory conjunctions, incorrectly binding features from different objects (Friedman-Hill et al., 1995; Robertson et al., 1997; McCrea et al., 2006; Coslett and Lie, 2008). According to FIT, the unusually large number of illusory conjunctions in simultanagnosia is evidence of impaired spatial processing or limited spatial attention, along with mislocalization of object features. A series of experiments that demonstrates this spatial deficit in simultanagnosia was conducted with patient RM (Wojciulik and Kanwisher, 1998). RM experienced frequent illusory conjunctions with an explicit binding task, in which he was asked to report the identity of a word written in colored text while ignoring a distractor word written in white. To perform the task correctly one must bind the color at a certain location with the word at that location. RM performed poorly on this task.

More direct evidence of poor spatial processing is evident from other tasks. RM was also greatly impaired at reporting the spatial location of items on a screen in either absolute terms or relative to other objects, regardless of whether items were presented sequentially or simultaneously (Friedman-Hill et al., 1995). In another example, he could not report whether a word was located at the top, middle, or bottom of a rectangle (Robertson et al., 1997).

Despite these explicit spatial deficits, simultanagnosic patients may still correctly process spatial information implicitly. Though RM could not report the location of a word in a rectangle, he showed a spatial Stroop effect when reading the word, being slower to read the word “UP” when it appeared at the bottom rather than the top of the rectangle (Robertson et al., 1997). Hence spatial information was being processed to create congruency effects between the verbal and spatial properties of the stimulus. RM also showed normal spatial orienting in a Posner cueing paradigm (Egly et al., 1995), and demonstrated implicit feature binding on a classic Stroop test, being faster to name the color of text if it spelled the name of that color than if it spelled the name of a different color (Wojciulik and Kanwisher, 1998). This occurred even though he could not explicitly report which text color was associated with which word. The basis of such implicit spatial processing remains unclear, but Cinel and Humphreys (2006) suggest that it reflects initial binding of color and shape based on co-location and grouping, with poor spatial attention leading to decay of bound features prior to explicit report. Alternatively, Robertson et al. (1997) suggest that implicit processing of space in simultanagnosia may reflect preserved information from retinotopic maps in striate cortex. Finally, Rizzo and Hurtig (1987) propose the existence of an attentional bottleneck in simultanagnosia that allows spatial information to be processed partially, sufficient to guide eye movements but not enough for conscious awareness.

SIMULTANAGNOSIA AS A REDUCED “SPATIAL WINDOW OF ATTENTION”

Feature integration theory is one way of explaining the relationship between spatial attention and object perception, but there are many ways of conceptualizing spatial attention itself (Cheal et al., 1994). One way that is particularly relevant to discussions of simultanagnosia is the idea of attention as a “spotlight” (Shulman et al., 1979; Posner et al., 1980; Tsal, 1983). This proposes that, like a spotlight, attention can be moved and directed to various locations in space. The spotlight is often described as flexible: it can zoom out to cover a large spatial area, or zoom in to cover a smaller spatial area (Humphreys, 1981). Furthermore, just as a spotlight becomes brighter when the beam is narrowed, attentional acuity may increase as the spatial extent of an attended area is reduced in size (Humphreys, 1981).

The concept of simultanagnosia as reflecting a restricted window (or “spotlight”) of attention is apparent from descriptions used in the literature. Michel and Henaff (2004) discuss the simultanagnosic deficit in terms of a shrinkage of the attentional visual field. Bay (1953) suggested that simultanagnosia could be accounted for by “shaft vision” that prevented the patient from seeing the whole picture, or similarly as a “peripheral constriction,” not unlike “viewing [a] picture through a diaphragm” (p. 545, 546). Thaiss and de Bleser (1992) suggested that their patient TK suffered from a rigidly reduced visual window, as TK perceived whole objects, parts of objects, and even multiple small objects if they appeared to fit within a narrow visual window. Tyler (1968) also referred to the visual deficit in his patient as “shaft vision” (p. 166), but suggested that there was some dynamic flexibility to this constriction. The “effective” field of his patient always included the central 2°, but could expand up to 20° in some circumstances, though it tended to fatigue within 10–30 s. Shalev et al. (2004) have also reported priming results consistent with flexible reduction of a spatial attentional window in simultanagnosia. Seeing a large solid letter improved the ability to recognize the global aspect of a subsequent hierarchical letter of the same size and location. Shalev et al. suggested that the restricted window of attention was temporarily widened by the prime, allowing explicit processing of the global hierarchical letter.

The suggestion that the anomalously constricted window of attention maintains some flexibility in simultanagnosia is also highlighted by an experiment contrasting hierarchical letter and face stimuli (Figure 1). Like other patients with simultanagnosia, SL showed local capture with hierarchical Navon letter stimuli, naming the small local elements but not the global aspect (Dalrymple et al., 2007). However, SL demonstrated “global capture” with hierarchical Arcimboldo faces (e.g., a face made up of fruits and vegetables), reporting the global percept of a face more than its local components. SL did not report seeing the local elements unless they were interpreted in terms of the global face. For example, when viewing a face made up of vegetables, she reported seeing vegetables “on the head” and the face of “a goddess” (Dalrymple et al., 2007). Similar examples of global capture can occur in more natural encounters. Rafal (2001) described a woman who could see his face but could not discern whether he was wearing glasses. The ability of simultanagnosic patients to see the global levels of facial stimuli may require an expanded window of attention in the presence of stimuli with highly salient global properties, in which there is strong linkage between component features (Moscovitch et al., 1997; Farah et al., 1998). Furthermore, one interpretation of the consequent failure to see the local elements when the global form is perceived is that expansion of the window occurs at the expense of attentional acuity: they can see a face, but cannot resolve its details4. This interpretation is consistent with some introspective statements by patients: For example, GB said, “… my visual field is like a cone that I can extend or shorten. I spend most of my time with a very short visual field concentrating on only one or two things at a time … At times, I have to extend my visual field … This is difficult, because … detail is lost with the extended field, and sometimes everything blends into one” (pers. communication, May 2010).

There are data showing that information can still be processed to a degree outside of the restricted window of attention (that supports conscious awareness of stimuli). This can account for some types of implicit processing. Even when patients cannot name the global level of hierarchical letters, they can still show congruency effects, being faster to name the local letter if it is the same as the global letter (Karnath et al., 2000; Shalev et al., 2007). Similarly, patients can show normal cueing by peripheral stimuli in a Posner cueing paradigm (Egly et al., 1995) and normal performance on pop-out search tasks (Karnath et al., 2000).

A restricted window of attention may also explain why single objects are sometimes perceived in parts. Thaiss and de Bleser (1992), like others (e.g., Bay, 1953; Tyler, 1968; Michel and Henaff, 2004), suggested that their patient TK may suffer from reduced spatial extent of an attentional window. When shown hierarchical stimuli, TK reported only the local elements and not the larger global picture. When asked to copy a simple line drawing, TK reproduced only the individual lines and did not show evidence of seeing the global whole. However, with line drawings of different sizes, TK showed superior performance for naming the objects in smaller drawings. The simple interpretation was that small objects fit within TK's narrowed attentional window, while the larger objects did not, so that for the latter only fragments were processed, consistent with Riddoch and Humphreys (2004) “partonomic error.” A parallel observation is that the ability to see global aspects of hierarchical letters is better when the global size is smaller (Shalev et al., 2004; Huberle and Karnath, 2006; Dalrymple et al., 2007).

Can a restricted window of attention also explain other phenomena in Bálint syndrome? These patients often have difficulty localizing objects, for example. Relevant to a narrow processing window, Tyler (1968) asked whether a patient with constricted visual fields and no other brain damage would show such spatial disorientation. Similarly, Farah (1990) pondered whether a subject seated in a dark room could determine the relative location of sequential flashes of light on a wall. In both scenarios, the issue is whether narrowing perception to one isolated object at a time would impair object localization. Indeed, Rafal (2003) proposed that this would be the case, particularly for the localization of one object relative to another (it is challenging to tell where one object is located relative to another if you can only see one of those objects at a one time). This issue was recently tested (Dalrymple et al., 2010). When viewing hierarchical letters, it should be theoretically possible to deduce the global form even with a narrow window of attention by simply moving this window over many local elements and then linking their positional information together (i.e., mentally “connecting the dots”). However, healthy subjects viewing displays with an artificially restricted visual window showed impairments in reporting the global aspect of hierarchical letters similar to those seen a simultanagnosic patient. Hence a small window of processing, restricted in either visual or attentional capacity, can impair the relative localization and spatial integration of local elements needed to infer global form.

A restricted window of attention can also account for more complex behavioral changes. We examined how the simultanagnosic patient SL scanned social scenes, and then tested whether healthy subjects viewing the scenes through a restricted visual window would show similar scanning patterns (Dalrymple et al., 2011a). While healthy subjects under normal viewing conditions consistently allocate a large number of fixations to the eyes of people in scenes (Smilek et al., 2006; Birmingham et al., 2007, 2008a,b), both SL and healthy subjects with a narrow viewing window showed an abnormally low proportion of fixations on eyes. When SL was tested again 3 years later, the proportion of fixations on eyes had increased, though it was still abnormal (Dalrymple et al., 2011b). Interestingly, a similar increase in fixations on eyes could be produced in healthy subjects by increasing the size of the viewing visual window, suggesting that one possible mechanism of spontaneous recovery is expansion of a restricted window of attention.

CAN SPACE-BASED MECHANISMS EXPLAIN OBJECT-BASED EFFECTS?

If a space-based restriction of attention can account for some phenomena often seen with simultanagnosia, it is worthwhile to consider if it can also explain any of the findings that have previously been interpreted as evidence of object-based attentional deficits. After all, objects themselves have spatial dimensions: at a basic level, the spatial arrangement of object components can define the object (Biederman, 1987). For example, a curved tube attached to the side of a cylinder indicates a cup, while the same curved tube attached to the top of a cylinder creates a bucket (Biederman, 1987; Shalev and Humphreys, 2002); the spatial relation between these two components determines the perceived object. This illustrates a very simple scenario where object perception requires preserved representation of spatial relationships of parts, but there are more complex ways in which the processing of space is important for object perception.

With this relationship between space and object perception in mind, space-based theories can explain how whole objects are neglected in simultanagnosia. Robertson and colleagues (1997) argue that damage to a space-based system can account for findings that seem to indicate object-based effects, such as those demonstrating that patients with simultanagnosia extinguish objects based on object properties, independent of space (e.g., Humphreys et al., 1994). They argue that in the case of damaged spatial input, objects can be selected based on object properties and that this explains why some objects are extinguished at the expense of others in simultanagnosia.

The basic simultanagnosic phenomenon of seeing only one object at a time can be readily explained by impaired spatial selection, with preserved object processing allowing the remaining object to be identified. Riddoch and Humphreys (2004) argued that the fact that basic Gestalt principles like connectivity, axis alignment, colinearity, and closure, still affect patient performance indicates that, “the fundamental aspects of object coding continue to operate in simultanagnosia.” (p. 424). It has been argued that simultanagnosia is a misnomer, because “agnosia” implies a failure of recognition whereas patients with simultanagnosia can typically recognize the objects that they see (Rizzo and Robin, 1990). This is consistent with the conceptualization of simultanagnosic patients as “object-detectors” (Holmes and Horrax, 1919; Baylis et al., 1994). Indeed, there is some evidence of priority for object selection over spatial selection in simultanagnosia, implying preservation of the former and deficits in the latter. For example, GK was asked to read words presented at fixation, while a distractor object was presented either above or below the words. Despite the fact that the words were presented in a spatial position that favored their selection (e.g., central fixation), when he only reported one item, it was more often the picture than the word (Humphreys et al., 1994), indicating a hierarchy that shows preferred selection of salient objects over selection of spatial location.

There are theoretical accounts that explain how damage to spatial processing can disturb object perception. According to one such explanation, there are two types of object recognition systems: a spatial one that defines the object in terms of shape and location, and the other, a retinotopic representation of the object, which is activated by top-down information from the first system. Object shape and size are defined in spatial terms, being created through the combination of various locations in a spatial array. Disruption of this spatial system leaves an object's shape and size undefined (Farah, 2004), a conclusion supported by computational simulations (Mozer, 2002) and consistent with the fact that simultanagnosic patients sometimes have inaccurate perception of single objects, as when they make “partonomic” errors, mistakenly seeing parts of objects as whole objects (Riddoch and Humphreys, 2004).

OBJECT-BASED MODULATION OF SPACE-BASED DEFICITS

Object properties may influence the competition between local and global perception in a situation where spatial attentional capacity is restricted. One such factor is familiarity with the elements. Shalev et al. (2007) showed patient GK hierarchical letters that were global English letters (familiar to GK) made up of local Hebrew letters with which he was initially unfamiliar, and then trained to recognize. At the beginning GK was quite accurate at seeing the global English letter, but with training on Hebrew letters, his performance for the global English letters declined. This finding helps explain how preserved object processing can influence allocation of spatial attention. Shalev et al. describe attention as a “horse race” between object components: whichever component attracts attention first will pull attention to that spatial area or scale. This suggests that the allocation of attention to space critically depends on the identity of the object itself and its components. Although healthy subjects would still be able to report both local and global components, with a latency advantage to the winner of this race, the limited attentional capacity of simultanagnosic patients instead means that only one component emerges from this competition. In the example above, the increased saliency conferred by familiarity enhances the processing at the relevant spatial scale and modulates the likelihood of GK reporting the global letter.

Another example of such modulation is seen in studies of the “two object cost” (Duncan, 1984). Healthy subjects are better at making two judgments about a single object compared to a single judgment about two objects. One might predict that this effect would be heightened in simultanagnosic patients, because they see only one object at a time and would be impaired at making judgments about multiple objects. In support of this prediction, Cooper and Humphreys (2000) showed that GK was better at making within-object spatial judgments relative to between-object spatial judgments, an observation also made later in SL (Barton et al., 2007). GK had to judge the relative height of two vertical bars, which he did better when the two bars were connected at their base to make a “U”-like single object. However, this effect was in turn modulated by the familiarity of the resulting single object, as it was not found with less letter-like configurations, and could even be influenced by instructions that suggested the presence of single or multiple objects in the display (Shalev and Humphreys, 2002). Configurations of lines and dots that corresponded to a strong known stimulus category (e.g., “face”) tended to show better spatial processing than those that did not (e.g. “oval with two circles”), suggesting an important contribution of stored object representations to the effect. Shalev and Humphreys (2002) explained these findings in terms of a restricted spatial zoom lens of attention. They suggested that patients can move the narrowed lens from object to object to make the two-object judgments, yet struggle to expand that zoom lens to go from object parts to whole objects in order to make within-object judgments. Stored representations may facilitate the expansion of the zoom lens, explaining why patients show an advantage for within-object judgments with familiar objects and between-object judgments with unfamiliar objects.

Preserved object-based attention can also direct space-based attention in patients with simultanagnosia (Humphreys and Riddoch, 2003). Simultanagnosic patient GK was asked to report the presence of one or two shapes placed on either side of fixation. The objects varied in the strength of their perceptual grouping, such that one shape was “closed” (i.e., a square made up of lines with cornered edges) and the other was “open” (i.e., a square made up of lines without corned edges). As in an earlier study (Humphreys et al., 1994), closed shapes were reported more often than the open shapes regardless of spatial position. To determine whether this object bias could direct spatial attention, Humphreys and Riddoch (2003) used the closed and open shape stimuli as cues for a letter identification task. They briefly presented GK with the closed and open shapes on either side of fixation, followed by letters at the same spatial locations. GK reported the letter at the location of the non-extinguished closed shape more frequently than the letter at the location of the extinguished open shape. However, GK could not report where the letter was located relative to either fixation or the preceding cuing shape, suggesting that the preserved object processing could direct spatial attention but could not promote conscious spatial processing. Humphreys and Riddoch suggested that, with damage to the spatial selection system as in simultanagnosia, preserved object processing exerts more influence on selection, controlling the weaker, spatial attention system.

In another example, Kim and Cave (2001) performed a study demonstrating what they call “object-based location selection” (p. 620), the influence of object features on the spatial selection of stimuli. They presented three letters: a target letter at fixation, flanked by two distractor letters. One of the distractor letters matched the target letter on a feature (color) while the other did not. Subjects were asked to identify the target letter, and then respond to a probe that appeared immediately following the letter display. Simultanagnosic subjects were faster to respond to the probe when it appeared at the location of the distractor that had the same color as the target, demonstrating spatial selection acting on the location of stimuli grouped on the basis of a shared object feature.

Finally, in the reverse direction, impaired spatial attention can disrupt the perception of objects. Smooth pursuit is the tracking of objects with the eyes. With smooth pursuit, the object remains constant, but its spatial coordinates constantly change. A reduced capacity for the processing of space can therefore interfere with the ability to perceive the object as it moves through space. Rafal (1997) reports this phenomenon in simultanagnosic patient MB as she attempted to follow a pen with her eyes: “she lost the pen after pursuing it only a few degrees, and even though it was still only a few degrees from fixation, it vanished. She stopped pursuing it with her eyes because she could no longer see it.” (p. 344). A simple explanation of this event is that the pen had moved outside the spatial confines of a narrow window of attention.

LIMITATIONS OF THE RESTRICTED WINDOW OF ATTENTION MODEL

Some simultanagnosic effects cannot be easily explained by a reduced spatial window of attention, or at least suggest further modifications of the latter. The illusory conjunctions mentioned before are one example (Robertson et al., 1997). One might expect that a reduced window would allow processing of a single object falling within it and promote the correct binding of the object's features, yet patients frequently show binding errors. These illusory conjunctions can also occur in healthy subjects with brief viewing under conditions of divided attention. Patient RM showed fewer illusory conjunctions when stimuli were presented sequentially in the same location, than when stimuli were presented simultaneously in different locations, suggesting more problems with binding in space than across time. However, it may also be that the processing of stimuli at two locations requires some expansion of the narrowed attentional window, which has a consequent reduction in spatial resolution of attention in simultanagnosic patients, allowing binding errors to occur. This argument is similar to that used above to explain why local elements can fail to be perceived in “global capture” (Dalrymple et al., 2007) and it is consistent with the introspective statements by patients like GB (see section Simultanagnosia as a reduced “spatial window of attention,” above).

Another effect that may be difficult to account for under a spatial window theory is the spontaneous disappearance of objects that are being fixated (Rizzo and Hurtig, 1987). Rizzo and Hurtig speculate that this reflects cortical fatigue, which prevents sustained processing of stimuli to a level of conscious awareness, consistent with Pavlov's hypothesis that the visual deficits in simultanagnosia were related to “low tonus of excitation” in visual cortex (Pavlov, 1955, p. 609). This hypothesis is supported by Luria's (1959) finding that the administration of the stimulant caffeine improved simultanagnosic symptoms. For example, with tachistoscopic presentation of two simultaneous figures, performance improved from seeing both figures on 0 of 30 trials to seeing both on 12 of 30 trials. While Luria's results could be explained by an expansion of the window of attention with caffeine administration, it is more difficult to explain how single objects that are fixated may disappear. One possibility is that with cortical fatigue, the window of attention closes entirely. Another explanation is that information processing within the window of attention can be fatigued.

A restricted window of attention may have difficulty explaining the finding that simultanagnosic patients show normal cuing effects during a Posner cuing paradigm (Egly et al., 1995). However, studies of normal attention show that stimuli outside the central focus of attention can attract attention (Posner et al., 1980), and there is evidence that this still occurs in simultanagnosia. For example, Robertson et al.'s (1997) spatial Stroop experiment demonstrated implicit processing of location information in simultanagnosia, despite an absence of explicit location knowledge. These findings would suggest that visual stimuli outside of the confines of the narrowed spatial window of attention are not subject to complete failure of representation, but rather a weaker degree of representation than normal.

Finally, can a restricted window of attention explain why patients with simultanagnosia cannot see more than one object at time even when those objects appear to occupy the same spatial location, as with the overlapping figures test (e.g., Poppelreuter tests, Luria, 1978; Rafal, 2001, 2003)? In considering this question it is important to note that the spatial overlap of items is never complete, and it is apparent that subjects are often aware of the presence of other items besides the one they report. For example, with overlapping line drawings, GB described not only seeing a single object but also other lines that did not make sense to him. With great effort he eventually named all but one object of the overlapping figures (Dalrymple et al., 2013).

SUMMARY

Although our review has focused on contrasts and interactions between object- and space-based mechanisms, there are other hypotheses regarding potential processing deficits in simultanagnosia. The framework of the Integrated Competition Hypothesis (Duncan et al., 1997) has generated suggestions that processing resources are depleted in simultanagnosia, resulting in all or nothing competition between objects (Jackson et al., 2009). Others contend that an inability to disengage from attended stimuli prevents the perception of new stimuli (Farah, 1990), though recent tests of this idea have failed to support it (Clavagnier et al., 2006; Dalrymple et al., 2009). Yet others have suggested that impaired object perception in simultanagnosia results from an inability to combine preserved space and object information (Coslett and Lie, 2008). Coslett and Lie also raised the possibility that discordant findings and models of simultanagnosia may reflect the existence of distinct subtypes. They propose that one subtype is due to an impairment of early visual attention, while a second is related to a later impairment of binding between object and space information (e.g., Coslett and Chatterjee, 2003). In this classification, a restricted visual window in simultanagnosia would qualify as an early stage impairment of visual attention.

Naturally, it is not necessarily the case that these different proposals are mutually exclusive: attention is complex and multi-faceted, and the attentional defect in simultanagnosia may mirror this complexity. Indeed, it seems likely that both object- and space-based deficits will be found to co-exist in most patients, just as patients with hemineglect from unilateral lesions can show both object- and space-based deficits (Driver and Halligan, 1991; Behrmann and Moscovitch, 1994). However, in the interests of parsimony it is important to consider how many observations and experimental findings can be accommodated by a single conceptual framework. The proposal of a limited spatial window of attentional processing has a long history in our concepts of simultanagnosia, (e.g., Bay, 1953) and recent modeling work with restricted windows of visual processing in healthy subjects shows that it has considerable explanatory power for many behavioral effects in simultanagnosia (e.g., Dalrymple et al., 2009, 2010, 2011a,b, 2013). In future, understanding the interactions between preserved object perception, impaired object attention, and disrupted spatial attention will likely provide even more sophisticated insights into the behavioral puzzle that is simultanagnosia.

FOOTNOTES

1Ventral simultanagnosia results from left inferior occipito-temporal damage (Farah, 1990) and is less frequently reported in the literature. Although we make this distinction here, for simplicity we will use the general term of “simultanagnosia” interchangeably with “dorsal simultanagnosia” throughout this review.

2Retinal function in simultanagnosia can be assessed by perimetry in the absence of distractors and with highly salient (i.e., bright) stimuli. Simultanagnosia is distinguished from neglect by the fact that it lacks the spatial bias typical of the latter.

3See Rizzo and Vecera, 2002, for a more complete review of the relationship between simultanagnosia and visual neglect.

4An alternate explanation may be the effects of reduced attentional capacity on global/local competition, so that only the stronger of the local or global percept is seen, and the weaker one not.
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Patients with Balint’s syndrome are typically impaired at perceiving multiple objects simultaneously, and at evaluating the relationship between multiple objects in a scene (simultanagnosia). These deficits may not only be observed in complex scenes, but also when local elements of individual objects must be integrated into a perceptual global whole. Thus, unlike normal observers, patients with simultanagnosia typically show a bias towards the local forms, even to the extent that they cannot identify the global stimuli. However, we have previously shown that global processing is still attainable in Balint patients in certain scenarios (e.g., when local elements are unfamiliar). This suggests that in addition to a possible perceptual deficit that favors the local elements in these patients, impaired attentional control may be at the core of their unique performance. To test this hypothesis we manipulated the perceptual saliency of the local and global elements in a compound letter task so that it included global-more-salient or local-more-salient displays. We show that a Balint patient was able to accurately identify both global and local targets as long as they were the salient aspect of the compound letter. However, substantial impairment was evident when either the global or local elements were the less salient aspect of the compound letter. We conclude that in Balint’s syndrome there is a failure of flexible top-down attention both in biasing attention away from salient irrelevant aspects of the display (salience-based-selection) and in impaired disengagement from irrelevant but salient items once they have been selected.

Keywords: balint’s syndrome, flexible attention, salience-based selection, disengagement, global processing, local processing

INTRODUCTION

Balint’s syndrome is a rare neurological disorder associated with bilateral parieto-occipital damage (Balint, 1909). The syndrome typically consists of disturbed organization of eye movements (ocular apraxia), inaccurate reach responses to objects under visual guidance (optic ataxia), impairments of spatial orienting and localization, and impaired ability to detect and identify more than one object or one of its local features at a time (simultanagnosia; Balint, 1909; Rafal, 1996; Rizzo and Vecera, 2002; Karnath and Zihl, 2003). The term simultanagnosia here refers to severe difficulty in interpreting complex, multi-object scenes (such as the Boston Cookie Thief picture), and poor ability to perceive two simultaneously presented objects relative to the presentation of single objects (Kinsbourne and Warrington, 1962; Humphrey et al., 1994; Shalev and Humphreys, 2002). Thus, such deficits are observed not only in complex scenes, but also when separate components are required to be integrated to a single object.

The process of integrating parts into wholes has been examined most extensively in tasks where the patients are asked to respond to the local or global levels of compound shapes, where the global form is derived from the configuration of the multiple local elements (Navon, 1977). It has been shown previously that patients with simultanagnosia demonstrate a bias towards the local forms in such tasks, a bias that in some cases causes a complete failure to perceive the global aspect of the compound item (Humphrey et al., 1994; Karnath et al., 2000a; Jackson et al., 2004; Shalev et al., 2005; Huberle and Karnath, 2006).

One explanation that has been proposed for the deficient global perception in Balint’s syndrome is a narrow and restricted window of attention (Thaiss and De Bleser, 1992; Shalev and Humphreys, 2002; Michel and Henaff, 2004; Dalrymple et al., 2007, 2011, 2013). While the perception of local parts may still operate with a narrow attentional window, global object identification typically requires a distributed spread of attention, which the patients cannot achieve. However, it should be noted that such an explanation cannot provide a full account for several of the findings that have been reported with simultanagnosic patients. One example is illusory conjunctions of color and form which reflect the processing of features of more than one object (Friedman-Hill et al., 1995); others include the ability of simultanagnosics to statistically average across stimuli (Demeyere et al., 2008), to estimate magnitudes (Demeyere and Humphreys, 2007), to perceive one spatial area when elements group but a reduced area when elements segment apart (Luria, 1959; Humphreys and Riddoch, 1993; Gilchrist et al., 1996) and to show implicit processing of global shape (e.g., interference in responding to the local shape when the global shape is incongruent; Karnath et al., 2000b; Jackson et al., 2004; Shalev et al., 2005). Moreover, Balint’s patients can also identify large forms, matched in size to the global compounds they fail to perceive (Shalev et al., 2005). In such cases the impaired global perception of Balint’s patients cannot be the result of a mere inability to spread attention across a wide area. Shalev et al. (2005) additionally showed that attention could be precued by the prior identification of a large solid figure, so that global compound stimuli presented shortly afterwards could also be identified successfully. Thus there is not necessarily a limit on whether attention can be distributed across a wide spatial area, though distributed attention may be difficult to sustain. Consistent with the latter argument, Shalev et al. (2005) found that the perception of global compound stimuli decreased as the time interval between the initial large letter and the compound shape increased.

In an attempt to elucidate key factors determining the spread of attention in these patients, Huberle and Karnath (2006) manipulated the distances between the local letters in compound forms. They found that performance systematically improved as the inter-element distances decreased, keeping constant the global size of the letters (see also Dalrymple et al., 2007; Huberle and Karnath, 2010; Montoro et al., 2011). Reduced inter-element distances presumably promote grouping and the spread of attention across the grouped elements. Familiarity is also a contributory factor. Coslett and Saffran (1991) reported a simultanagnosic patient who named words but not non-words although the spatial characteristics of both words and non-words were the same (see also Baylis et al., 1994; Kumada and Humphreys, 2001). These data suggested that letters in words are grouped so that the word is processed as a single perceptual object whereas letters in non-words are coded as distinct objects. The converse effect, of familiarity disrupting performance, can also occur when local rather than global forms are familiar. Shalev et al. (2007) demonstrated that their simultanagnosic patient perceived the global shape of a compound letter as long as its local elements were unfamiliar; however, after the patient was trained to identify the local (previously unfamiliar) elements, it became difficult to perceive global forms containing the now-familiar local elements.

These various manipulations cannot be boiled down to a single perceptual factor being responsible for simultanagnosia (e.g., differential sensitivity to set spatial frequencies; Huberle and Karnath, 2006); nevertheless it can be argued that the effects represent a variety of manipulations all of which may have an impact on the relative saliency of the local and global levels of stimuli (Shalev et al., 2007). When the local elements have high saliency (and are more salient than the global form), then patients with simultanagnosia will demonstrate “local capture” and only identify the local items. In contrast, when the global configuration is more salient the patients can exhibit global capture (Dalrymple et al., 2007; Montoro et al., 2011). That is, as with normal participants (e.g., Mevorach et al., 2006b, 2010), stimulus characteristics can bias both a narrow or a wide attention window, but once attention is captured at one level, patients with Balint’s syndrome find it difficult to flexibly re-allocate attention to other levels. This reduced flexibility in selective attention is additional to any de-fault bias towards a restricted (local) attentional field. In the present study we directly tested the above explanation in a patient (JM) with Balint’s syndrome.

THE PRESENT STUDY

In the present study we used a variant of the “classical” global-local identification task with compound letters, as introduced by Mevorach et al. (2006b, 2010). In this variant, the relative saliency of the local/global levels of the compound stimuli is manipulated orthogonally to the level required for target identification (e.g., the target might be at the local level and the global level is rendered salient or vice versa). Our prior work with both healthy participants (e.g., Mevorach et al., 2006b, 2009, 2010) and patients with neuropsychological disorders (Mevorach et al., 2006a), has implicated the left posterior parietal cortex (PPC) in conditions where the distractor is more salient than the target – a finding that arises irrespective of the target level (i.e., the left PPC is critical both when the global level is salient and the task requires identification of a local target, and when the local level is salient and there is a global target). For example, patients with left PPC damage show impairment in identifying both global and local targets which are less salient than the distractor level (Mevorach et al., 2006a).

If the functional deficit in Balint’s syndrome includes diminished flexibility in controlling attentional selection, but if sensitivity to the relative saliency of different levels of form remains, then we should be able to manipulate whether the local or global level of a stimulus is reported by systematically varying the relative saliency of each level. Critically, once a level is selected the patient should be poor at selecting the other level. We tested this here using the manipulations of saliency introduced by Mevorach et al. (2006b, 2010).

MATERIALS AND METHODS

CASE REPORT

JM

JM was 45 years old and a housewife at the time of testing. 4 years prior to testing she suffered a bilateral stroke while giving birth. This resulted in bilateral lesions in occipital and parietal cortices extending in the right hemisphere into frontal cortex (lesion volume 141.2 cubic centimetres). MRI scans (T1 and FLAIR) are shown in Figure 1. Following the stroke, JM had no major motor weakness but presented with symptoms characteristic of Balint’s syndrome, she has optic ataxia, with inaccurate visually guided reaching to objects, especially in peripheral vision. She showed signs of ocular apraxia, with a poor ability to make saccades to peripheral signals. She had simultanagnosia. She found it very difficult to identify the events in visual scenes, reporting only on the presence of a woman washing dishes in the Boston cookie theft picture. In a test of visual extinction she required over 2 s to be able to identify two letters though she was able to identify single letters presented in either her left or right field for only 200 ms. These two deficits, in interpreting complex scenes and in identifying more than one object at a time, are key defining symptoms of simultanagnosia (Kinsbourne and Warrington, 1962). There was no evidence for spatial bias in JM’s performance – and she identified about half of the letters in the right field and half in the left field under the extinction conditions (above). Also she only canceled lines down the center of the page in a cancelation task. JM’s single word reading was good (12/12 for both regular and irregular words matched for length and frequency) but text was extremely difficult (even reading single sentences was not possible). Her identification of single objects was relatively spared (13/15 on naming items from the BCoS battery; Humphreys et al., 2012). Verbal long- and short-term memory was good (forward digit span = 6; backwards digit span = 4; story recall from the BCoS was within normal limits, 11/15).
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FIGURE 1. Lesion reconstruction for patient JM. The figure depicts T1 and T2 FLAIR structural scans (3T Philips Achieva MRI system with 8-channel phased array SENSE head coil). The bottom panel represents patient’s lesion map reconstructed based on outlier detection method combined with fuzzy clustering algorithm (see Seghier et al., 2008; Chechlacz et al., 2012). The lesion map is presented as an overlay on a standard T1 multi-slice template in MRIcron (Chris Rorden, Georgia Tech, Atlanta, GA, USA). L = Left and R = Right hemisphere.



CONTROL PARTICIPANTS

Six other neurologically impaired patients, all male, were tested (see Table 1 for their clinical details). The patients were selected to represent an age matched patient control group for JM and to include a range of neuropsychological problems including neglect (patient RP), dysexecutive function (GA, JQ), extinction (PH) and visual field loss (ST). Using a patient control group here can ascertain that any difficulty observed in JM is not attributed to a general non-specific reduced capacity that often accompanies brain lesions or a specific spatial deficit such as unilateral neglect, extinction and field loss. The neuropsychological symptoms of the patients are listed in Table 1. Prior to participating in the study the patients were clinically assessed using the BCoS battery (Humphreys et al., 2012) and T1 structural MRI scans were acquired (see Figure 2). The neuropsychological symptoms described in Table 1 reflect instances where performance fell 3 SD’s > mean for that participant on tests from the BCoS for memory, executive function, picture naming, extinction and visual field loss.
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FIGURE 2. Lesion reconstruction for all control patients. Each patient’s lesion map was reconstructed based on outlier detection method combined with fuzzy clustering algorithm (see Seghier et al., 2008; Chechlacz et al., 2012). All lesion maps are presented as an overlay on a standard T1 multi-slice template in MRIcron (Chris Rorden, Georgia Tech, Atlanta, GA, USA). L = Left and R = Right hemisphere.



TABLE 1. Control patients with their associated ages, gender and lesion information.
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STIMULI

The stimuli were presented on a 17-in. monitor (1024 × 768 pixels) of a laptop. The viewing distance was approximately 60 cm so that each centimeter on the screen represented 0.968 of visual angle. All the stimuli appeared against a black background. Two sets of displays were used to represent high global saliency and high local saliency. For the condition with relatively high local saliency, the compound stimuli were created from orthogonal combinations of the letters H and S. Each compound contained both red and white local letters (see Figure 3). Each local letter subtended 1.348 × 1.068 of visual angle (in width and height, respectively) and the global letter subtended 8.268 × 5.388 of visual angle (in width and height, respectively). The inter-element distance was 0.388 of visual angle. In the condition with relatively high global saliency, the compound letters were again composed of the letters H and S, which were combined orthogonally at the local and global levels. All the local letters were red. Each local letter subtended 1.348 × 1.068 of visual angle (in width and height, respectively) and the global letter subtended 5.668 × 4.518 of visual angle (in width and height, respectively). The distance between local elements was 0.0968 of visual angle. These letters underwent a blur procedure in Paint Shop Pro 7.0 with factor = 7. The compound letters appeared at the center of the screen. A white asterisk (0.578), also presented at the center of the screen, served as fixation.
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FIGURE 3. Example of the compound letters that were used in the present study incorporating global-more-salient and local-more-salient displays. The levels of each stimulus could be congruent (where local and global letters matched) or incongruent (where local and global letters differed).



EXPERIMENTAL PROCEDURE

Prior to the experiment JM was shown individual large block letters, matched in size to the global letters in the experiment and she was required to name the letters. She scored perfectly. We also showed her the blurred stimuli and asked her to name single letters when the remaining parts of the global shape were covered up. She was able to do this (10/10). On the subsequent blocks of 32 trials, JM was presented with compound (local-global) letters. She was instructed that the global letter was the same size as the large block letters she had just seen, and that the local letter was the same size as the individual small letters she had identified. She was then required to verbally identify the global or the local elements of the compound letter (while ignoring the identity of the letters on the other irrelevant level). In each block half of the trials consisted of matching global and local elements (congruent trials), and on the other half different global and local elements comprised the compound figure (incongruent trials). Each trial began with a fixation asterisk presented for 500 ms. Following a 200-ms interval, the compound letter appeared for 150 ms. JM was then required to make a speeded response to the identity of the letter on the target level (H or S) by verbally stating its identity (“H” or “S”) following which the experimenter pressed one of two keyboard keys (“m” and “k,” for H and S, respectively). Following the key press, the next trial began. Each run of the task included four blocks (two with “global” targets and two with “local” targets; 128 trials). A written instruction (“global task” or “local task”) appeared at the center of the screen 2 s prior to the beginning of each block at which time the experimenter also indicated the instruction to the patient. The first two blocks and the last two blocks of each run had the same display – either global level being more salient or local level being more salient (the order was counterbalanced across runs). Thus, four different types of blocks were used: Global target with global-salient display, Local target with global-salient display, Global target with local-salient display and Local target with local-salient display. JM completed two runs of the task. The same procedure was administered to the six control patients.

In order to manipulate saliency at both global and local levels we coded the saliency factor according to whether the target level was more salient (Target-salient) or the distractor level was more salient (Distractor-salient). Thus, the global block with global-salient displays was considered a global task in the Target-salient condition while the global block with locally salient displays was labeled a global task in the Distractor-salient condition. Similarly, for the local task, the block with locally salient displays was considered the Target-salient condition and the block with globally salient displays was considered the Distractor-salient condition (see Table 2).

TABLE 2. Assignment of the four blocks to the level and saliency conditions.
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RESULTS

Accuracy data for JM and the control patients were analyzed using Chi square and Fisher Exact Probability Tests. The percentage of correct responses in the different experimental conditions are presented in Figures 4A,B for the control participants and JM, respectively. We asked whether JM was impaired compared to the other patients when she was required to ignore the salient irrelevant level of the compound letter stimuli. For this we calculated the congruency effect (the accuracy for congruent trials minus that for incongruent trials) when the target level had high relative saliency and when the distractor level had high relative saliency (across level of processing). JM’s congruency effect in the target-salient condition was small (62/64; 96.9% correct responses in congruent trials vs. 60/64; 93.8% correct responses in incongruent trials) and similar in magnitude to the control patients (383/384; 99.7% correct responses in congruent trials vs. 380/384; 99.0% in incongruent trials; χ2(1) = 0.002, p = 0.89). However, in the distractor-salient condition JM was essentially unable to ignore the identity of the salient distractor (she made 58/64; 90.6% correct responses to congruent trials vs. only 4/64; 6.3% correct responses to incongruent trials) in dramatic contrast to the control patients, who showed a modest congruency effect (they made 382/384; 99.5% correct responses to congruent trials vs. 373/384; 97.1% correct responses to incongruent trials; χ2(1) = 42.5, p <0.0001). This striking inability to report a target on a non-salient level when the distractor level was salient and incongruent was not associated with a particular level of the stimulus. JM showed greatly increased congruency effects, compared with the control patients, for both local and global non-salient targets. For the local task JM responded correctly to 27/32 (84.4%) congruent trials vs. 3/32 (9.4%) incongruent ones; in contrast the controls answered correctly to 191/192 (99.5%) congruent trials vs. 184/192 (95.8%) incongruent ones (χ2(1) = 17.1, p <0.0001). In the global task JM responded correctly to 31/32 (96.97%) congruent trials vs. 1/32 (3.1%) incongruent one whereas the control participants answered correctly to 191/192 (99.5%) congruent trials vs. 189/192 (98.4%) incongruent ones; Fisher Exact Probability Test, p <0.0001. Importantly, for JM the magnitude of the congruency effects in the global and local conditions was similar (for local targets – 27/32 vs. 3/32 and for global targets – 31/32 vs. 1/32 for congruent and incongruent trials, respectively; Fisher Exact Probability Test, p = 0.282). It should also be noted that JM (and the control patients) were required to provide a response in each and every trial (there were no “miss” or “pass” trials) and her extremely low accuracy in incongruent trials are therefore attributed to responding to the letter on the distractor level.
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FIGURE 4. Accuracy rates in the global/local task as a function of target level and target/distractor saliency. (A) Accuracy rates for the control patients in the compound letter task. (B) Accuracy rates for patient JM in the compound letter task.



It is also evident that local identification for JM was particularly hard under conditions of distractor saliency, where even her performance in congruent trials was relatively poor (27 correct responses out of 32 trials [84.4%] compared with 191/192 [99.5%] of the controls; Fisher Exact Probability Test, p <0.0003). JM’s difficulty in identifying the local elements was also evident in her performance under target-salient conditions where her accuracy was overall lower than in the global task (58/64 [90.1%] vs. 64/64 [100%] for local and global identification, respectively; Fisher Exact Probability Test, p = 0.014) or that of the controls (58/64 [90.1%] vs. 381/384 [99.2%]; Fisher Exact Probability Test, p <0.0004).

DISCUSSION

Simultanagnosia within the context of Balint’s syndrome has been previously associated with a bias towards processing local items at the expense of global processing (Thaiss and De Bleser, 1992; Shalev and Humphreys, 2002; Michel and Henaff, 2004; Dalrymple et al., 2007, 2011, 2013). However, evidence for at least some aspects of global shape processing in the syndrome (e.g., interference from incongruent global stimuli; statistical averaging; magnitude estimate; Shalev et al., 2005; Demeyere and Humphreys, 2007; Demeyere et al., 2008) indicates that global processing can still operate to some degree and that a constricted attention window cannot be the sole underlying reason for the problem. Here we manipulated local and global forms so that either the local or the global shapes were salient (see Mevorach et al., 2006b, for prior evidence with normal participants). We showed that there was capture of attention by either the local or the global shape, dependent on their relative salience. In each case, our patient JM was typically unaware of the non-selected level and reported only the salient stimulus. The results we report are similar to some prior data where the representation of the global form has been enhanced by using closely aligned local elements (Huberle and Karnath, 2006; Montoro et al., 2011) or shapes constructed to make the global forms salient (Dalrymple et al., 2007). The data provide clear evidence that simultanagnosics do process global form and that their attention can be locked to that level of representation when the global form is high in saliency and the local relatively low in saliency.

In his original report, Balint discussed the inability of his patient to make saccades to stimuli as “psychic paralysis of gaze” (we earlier termed this ocular apraxia). The present results suggest that this “paralysis” is not confined to gaze (overt attention) but affects even covert attention. In the present task, when JM attended to a salient global form she did not need to shift her gaze in order to subsequently attend to a centrally positioned local form (in a local identification task). Her failure to identify the local form then is not a paralysis of gaze but rather a paralysis of attention; she was unable to shift attention from the global to the local level (or vice versa).

One possible alternative explanation for JM’s performance in this study is that our manipulation of perceptual saliency created conditions that are perceptually rather than attentionally difficult for her. For instance, blurring the local elements in the global-salient displays might have created local elements that JM was simply unable to identify, regardless of the presence of the global information. However, we note that JM was able to identify a single blurred local letter when the remaining local letters were covered (she was also able to identify single blocked letters, matched for size to the global stimuli; see Methods). In addition, if JM was simply unable to identify local elements under these conditions we would have expected her performance to be at chance level (indicating her inability to identify the stimuli). However, JM’s performance was considerably below chance and thus reflected identification of the irrelevant (but salient) level. This in itself suggests that JM’s attention was allocated to the irrelevant (but salient) aspect of the compound letter and that she was simply unable to ignore that information (even if no other information was available for her) and to disengage from it. Poor perception of the local letters, but good disengagement from the global form, should generate chance levels of identification for the local stimuli. In contrast, JM performed worse than chance.

In a now classic study, Posner et al. (1984) first documented problems in the disengagement of attention associated with unilateral lesions to the PPC – patients were poor at shifting attention to the contralesional side if attention was earlier cued to the ipsilesional side. Posner et al. argued that a critical function of the PPC was to disengage attention from a given spatial region. This result has been confirmed in subsequent brain imaging studies (see Corbetta and Shulman, 2002, for one review), where it has been argued that the PPC (and in particular the right temporo-parietal junction, rTPJ) acts to detect new events and through this, to trigger the attentional disengagement process (the attentional disengagement account of PPC function). Our data concur with the proposal that the PPC is critical for the disengagement of visual attention – though here the problem is not manifest in poor spatial disengagement (local forms would fall within a spatial window of attention when the global form is selected) but in poor disengagement from one level of form to another. This suggests that the PPC may subserve a number of different forms of attentional disengagement. In addition, our data do not fit with the account of one region of the PPC, the rTPJ, proposed by Corbetta and Shulman (2002). These authors argue that the right TPJ acts as a “circuit breaker” for attention, disengaging attention from its current focus on the occurrence of an unexpected, salient stimulus. Note that, in our study, disengagement of attention from a high to a low saliency stimulus is not triggered by the occurrence of an unexpected event, since the low salient aspects of the stimulus were presented at the same time as the high saliency distractor – so a problem in stimulus-driven circuit breaking cannot be critical.

Moreover, we suggest the problem JM exhibited here not only involves disengagement but also initial attention allocation. While in Posner’s spatial disengagement a spatial cue acts to direct attention, here JM was unable to allocate attention according to a top-down cue (attend to the local or global shape) in the presence of salient distraction. Attention selection is dominated by the relative saliency of the local or global levels.

The failure to overcome bottom-up salience signals in JM also fits with recent work pointing to the PPC (and LIP in monkeys) as the locus of top-down and bottom-up interactions that yield a dynamic priority map for attention selection (see Bisley and Goldberg, 2010; Ptak, 2012 for recent reviews). More specifically, however, we have previously provided evidence both from unilateral brain lesions (Mevorach et al., 2006a) and TMS (Mevorach et al., 2006b) that the left PPC is particularly involved in ignoring salient distractors and orienting attention in a task-based manner to a low saliency target. In particular, the left PPC is involved in a preparatory selection process whereby the processing of early visual cortex signals representing salient distracters is attenuated. This attenuation process in turn facilitates selection of the less salient target. Thus, the failure in top-down selection in JM is likely to reflect an impairment in top-down attentional control modulated through the left PPC.

In sum we suggest that the deficit we observed here in JM reflects a particularly severe instance of a problem in both salience-based selection (so that selection is determined by the relative saliency of stimuli), which is typically associated with the left PPC, and in disengaging attention once the wrong (but salient) level has been selected (typically associated with the right PPC in the spatial modality). It follows that the left and right PPC damage suffered by JM may both be critical here, which results in a general problem in attentional control.

We do note, though, that JM had some problems identifying local letters even in the target salient, congruent condition. To account for this we suggest that JM had, on some trials, awareness that she had selected the wrong level of the stimulus (e.g., the global form), but the problem with attentional disengagement led to her guessing the identity of the local form.

We conclude that global processing (especially with high saliency global shapes) still operates in simultanagnosia and that an impairment in controlling attention can be a core factor that impedes the patient’s ability to actively and flexibly select the stimuli relevant to a task. This deficit impairs not only the initial selection of the stimuli but also the ability to flexibly shift attention from one level of processing to another. As a consequence selection is dominated by the relative saliency of the visual input and there is a reduced possibility that a patient can “correct” and shift selection once a salient element has been attended.
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The temporo-parietal junction contributes to global gestalt perception—evidence from studies in chess experts
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In a recent neuroimaging study the comparison of intact vs. disturbed perception of global gestalt indicated a significant role of the temporo-parietal junction (TPJ) in the intact perception of global gestalt (Huberle and Karnath, 2012). This location corresponded well with the areas known to be damaged or impaired in patients with simultanagnosia after stroke or due to neurodegenerative diseases. It was concluded that the TPJ plays an important role in the integration of individual items to a holistic percept. Thus, increased BOLD signals should be found in this region whenever a task calls for the integration of multiple visual items. Behavioral experiments in chess experts suggested that their superior skills in comparison to chess novices are partly based on fast holistic processing of chess positions with multiple pieces. We thus analyzed BOLD data from four fMRI studies that compared chess experts with chess novices during the presentation of complex chess-related visual stimuli (Bilalić et al., 2010, 2011a,b, 2012). Three regions of interests were defined by significant TPJ clusters in the abovementioned study of global gestalt perception (Huberle and Karnath, 2012) and BOLD signal amplitudes in these regions were compared between chess experts and novices. These cross-paradigm ROI analyses revealed higher signals at the TPJ in chess experts in comparison to novices during presentations of complex chess positions. This difference was consistent across the different tasks in five independent experiments. Our results confirm the assumption that the TPJ region identified in previous work on global gestalt perception plays an important role in the processing of complex visual stimulus configurations.
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INTRODUCTION

A crucial aspect of visual object recognition is the grouping of single elements to a global entity or so-called gestalt (Wertheimer, 1923; Koffka, 1935). The neuronal correlates of global processing or visual integration are still a matter of lively debates. Patients suffering from simultanagnosia, the inability to perceive a global gestalt first described as part of the Bálint syndrome (Bálint, 1909), typically show bilateral lesions in posterior parieto-temporal brain areas, whereas a remarkable variability concerning the exact localization is still prevalent (Rizzo and Hurtig, 1987; Friedman-Hill et al., 1995; Rafal, 1997; Karnath et al., 2000; Tang-Wai et al., 2004; Valenza et al., 2004; Huberle and Karnath, 2006, 2010; Thomas et al., 2012). Moreover, there is an inconsistency between functional imaging studies that attributed global perception to unilateral regions along the ventral visual pathway (Fink et al., 1996, 1997a,b) and other studies that found an association with posterior parietal and/or parieto-temporal areas (Yamaguchi et al., 2000; Himmelbach et al., 2009; Huberle and Karnath, 2012; Zaretskaya et al., 2013).

Research in chess experts provided a large body of data addressing neuronal correlates of visual skills (Bilalić et al., 2010, 2011a,b, 2012; Krawczyk et al., 2011). For research on object recognition and visual integration chess appears to be particularly suitable as it features various, clearly distinguishable individual objects that allow the composition of complex stimulus configurations with graded complexity. Furthermore, chess provides the opportunity to compare highly trained experts with novices based on a standardized rating system (Elo, 1978). Behavioral studies demonstrate that domain-specific knowledge, acquired through prolonged and focused training (Ericsson et al., 1993), enables experts to quickly grasp the essence of complex chess positions (DeGroot, 1978; Bilalić et al., 2008a). Instead of perceiving individual chess objects serially like novices, experts perceive meaningful units of several objects, called chunks (Chase and Simon, 1973) or templates (Gobet and Simon, 1996), which are linked with typical actions through pattern recognition mechanisms (Bilalić et al., 2008a,b, 2009, 2010). A typical chess position featuring numerous individual objects represents a single meaningful unit to chess experts. In a recent series of fMRI studies, Bilalić et al. (2010, 2011a,b, 2012) demonstrated that chess experts also showed different neuronal response patterns in the ventral visual system compared to novices. Typically, chess experts showed higher signal increases mostly in the temporal lobe compared to novices during the observation of chess stimuli. A study by Krawczyk et al. (2011) using comparable stimulus material revealed a similar result pattern with higher signals in temporal and frontal brain areas for experts compared to novices.

Based on the assumption that the behavioral advantage of chess experts is, at least partially, based on superior skills in the visual integration of multiple chess pieces we hypothesized that there should be a difference in the BOLD signal in regions that were functionally mapped in an independent study of global perception using substantially different stimulus material (Huberle and Karnath, 2012). In detail, the temporo-parietal junction (TPJ) was investigated by using an independent set of data from chess experts as well as novices. Several studies investigating neuronal processes of visual grouping used stimuli that may have evoked neuronal responses depending on low-level visual features like spatial frequencies of luminance changes (e.g. Fink et al., 1996; Huberle and Karnath, 2012). The stimuli examined in the ROI analyses of the present approach were substantially different from simple hierarchical Navon-like (Navon, 1977) stimulus material. The relationships between chess pieces that support the emergence of a global percept are not based on low-level visual features but on the knowledge about these pieces and their semantic relations. We compared signal levels in chess experts and novices in region of interest (ROI) analyses using four independent fMRI datasets taken from previously published studies on chess expertise (Bilalić et al., 2010, 2011a,b, 2012). We analyzed three ROIs defined by the data from Huberle and Karnath (2012). All three regions were located in the area of the right or left TPJ. While in three of these studies (Bilalić et al., 2010, 2011b, 2012) visual processing required an analysis of highly complex chess positions, one task (Bilalić et al., 2011a) focused on simple object perception.

MATERIALS AND METHODS

PARTICIPANTS

Eleven subjects (3 males/8 females; mean age 24.6 years, SD ± 0.7 years) participated in the study of Huberle and Karnath (2012). Subjects had normal or corrected to normal vision and reported no history of neurological impairment affecting their visual capacity. In all four studies of Bilalić et al. (2010, 2011a,b, 2012) expert as well as novice chess players participated (Table 1). Tournament players get rated based on their performance against other rated players. The international chess Elo scale is an interval scale with a theoretical mean of 1500 and standard deviation of 200 (Elo, 1978). Experts are players with a rating of 2000 Elo points or more. The experts included in the present studies were rated with an average around 2100 points. Novice players were hobby players who played chess occasionally. Their chess skills were clearly inferior to experts but they had no difficulties in identifying chess pieces and their functions. All players were male and right-handed. The Institutional Review Board of the Ethic Committee of Tübingen University approved both studies and written informed consent was obtained from all participants. All studies were performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.

Table 1. Participants in the studies of Bilalić et al. (2010, 2011a,b, 2012): group, mean age, mean skill level as measured by the Elo rating (see Methods) with standard deviation (SD), number of standard deviations above the mean, and number of participants in each group in all four experiments.
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PROCEDURE AND STIMULI

In the study of Huberle and Karnath (2012) a global circle or square was constructed from smaller local images of circles or squares. Figure 1A illustrates examples from this set of stimuli. Objects at the global level were scrambled by exchanging a certain percentage of the local images with each other, thereby producing a set of stimuli at scrambling levels of 20-, 40-, 60- and 80%. The behavioral results of a two-alternative forced choice (2AFC) task to report the category of the object at the global level (“global circle” vs. “global square”) showed that in 20% scrambled stimuli the global gestalt was easily perceived (97% Correct) whereas 80%-scrambling almost completely prevented global perception (52% Correct).
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FIGURE 1. Stimuli applied in the different experiments. (A) Illustration of the global stimuli used in the experiment of Huberle and Karnath (2012). The pictures show two 20% scrambled global objects (circle, square; intact global perception) and one 80% scrambled global object (disturbed global perception). (B) Stimuli used in Experiment 1 (Bilalić et al., 2011b). Pictures of full-board chess positions or faces were presented upright or inverted. Participants had to indicate whether the currently presented stimulus matched the previously presented stimulus. (C) Stimuli of Experiment 2 (Bilalić et al., 2011a). The stimuli were presented on a 3 × 3 miniature chess board. In the check task participants indicated whether the black piece (knight or rook) gives the white king check. In the identity task participants indicated whether the presented black piece is a rook or a knight. In the control task participants identified geometrical shapes (square or diamond). (D) Stimuli of Experiment 3 (Bilalić et al., 2011b). Pictures of full-board chess positions were presented. Participants had to indicate whether the white king was in check in the check task, whether there were knights of both colors presented in the knight task, or whether two dots (black and white) were present in the control (dot) task. (E) Stimuli of Experiment 4 (Bilalić et al., 2010, 2012). Pictures of full-board chess positions were presented. Participants had to indicate whether the number of black threats (how many times black can take white) was four in the threat condition, whether the number of knights and bishops was four in the knights and bishops task and whether the number of all pieces on the board was 15 in the control task. In all three tasks of Experiments 3 and 4, there were two types of positions: normal (taken from chess games of masters) and random (pieces were randomly distributed on the board).



The four studies of Bilalić et al. (2010, 2011a,b, 2012) comprised five analyses of complex chess related visual stimuli. We combined the data from two analyses, originally reported by Bilalić et al. (2010, 2012), because the data of these analyses came from the same imaging sessions with the same subjects. In the following we address this set of data as Experiment 4.

Experiment 1 (Bilalić et al., 2011b)

Participants indicated if the current stimulus was the same as the previous one. There were four classes of stimuli: chess and face stimuli, which were presented upright or upside-down (Figure 1B). The face stimuli were black-white pictures of students (Leube et al., 2001, 2003). The chess stimuli were full-board positions taken from a four-million-chess-game database (ChessBase Mega Base 2007, ChessBase GmbH, Hamburg, Germany; www.chessbase.com). Stimuli from four categories (faces upright, chess upright, faces inverted, chess inverted) were presented in blocks of five stimuli. A single stimulus lasted for 2.75 s and was followed by a random noise mask for 0.25 s. A baseline (gray screen with a central fixation cross) was presented at the beginning, after each block, and at the end of the experiment for 14 s. All four conditions were presented four times in each of three runs (12 blocks of each condition in all runs).

Experiment 2 (Bilalić et al., 2011a)

This experiment featured three tasks. In the check task, participants indicated if the white king was attacked (i.e., given check) by the only present black piece. There were four different stimuli with two pieces on a 3 × 3 miniature chess board (Figure 1C). The white king was always on the first square of the upper left corner, while the identity of the other piece (knight or rook) and its location (middle of the lower row or the end of the upper row) varied. In the Identity task, participants were presented with the same stimuli as in the check task, but this time they identified the black piece presented. In the non-chess control task, chess pieces had been exchanged by gray-colored geometrical shapes (a circle for the king; a diamond and square for knight and rook, respectively). In parallel to the two chess tasks, the identity (diamond or square) and position (middle of the lower row or the end of the upper row) of the target stimulus were varied, and participants indicated its shape. Stimuli were presented in a block design. There were four runs and 12 blocks in each of them (four blocks for each condition in a single run). The runs were block-randomized and counterbalanced across participants. The experiment started with an empty 3 × 3 board (baseline) for 13.5 s and was followed by a written instruction for 3 s indicating the task type (check, identity, or control). After the instruction an empty 3 × 3 board was presented for 1.5 s. After 1 s a black center cross appeared and was presented for 0.5 s to warn participants about the upcoming stimulus. The following stimulus lasted for 2 s. There were four trials (stimuli) in a block, and after each block the baseline was presented.

Experiment 3 (Bilalić et al., 2011b)

These tasks were similar to the previous experiment—recognizing if the white king was in check (check task), recognizing if knights of either color were present (knight task), and recognizing if a dot of either color was presented (dot task—see Figure 1D). The stimuli, however, consisted of full chess positions (containing 15–18 pieces) presented on a full 8 × 8 square chess board. There were two types of positions—normal and random. The normal positions were taken from the same ChessBase database as in Experiment 1 and were typical middle-game positions of master games not previously known to the participants. The random positions were generated by distributing the pieces on the board randomly using the rule that any piece of either color can occur on any square (Vicente and Wang, 1998; Gobet and Waters, 2003). There were four runs with 12 blocks each, comprising two blocks per condition (3 tasks × 2 position types) in a single run. The runs were block-randomized and counterbalanced across participants. The experiment started with a gray screen with a black center cross, which lasted 5–10 s, immediately followed by the instruction for 2.5 s, after which the actual block started. The stimulus was presented for 4 s and was followed by a mask made of a scrambled chess position, which lasted for 0.5 s. There were four trials (stimuli) in each block, and baseline was always presented after each block.

Experiment 4: (Bilalić et al., 2010, 2012)

In this experiment full chess boards with 15–18 pieces were presented in normal and random positions. New middle-game positions were sampled from the ChessBase database. The tasks involved enumerations of chess pieces and their relations (Figure 1E). In the threats task, players indicated whether the number of threats (black to white) was four. In the knights and bishops condition, the task was to indicate whether the number of knights and bishops of both colors was four. Finally, in the non-chess control task, all pieces regardless of color or type were counted (indicate if the number is 15).

There were six runs, two for each task. There was only one task (e.g., threats task) in a single run. In one run, 10 meaningful and 10 meaningless stimuli were presented randomly. The runs were block-randomized and counterbalanced across participants. We first presented a starting board (all pieces at their initial location) with a fixation cross as a baseline with jittered duration (6–10 s). After a short gap (0.5 s), the target stimulus was presented until response, followed by the baseline of the next trial. Before the actual sessions, participants were given two practice trials for each task. The reaction time (i.e., the time to complete the task) was the time between stimulus onset until the participant pressed the button.

In all experiments, the stimuli were projected on a screen above the head of the participant via a video projector placed in the adjacent room. The setup resulted in a visual field of 14.6° for the whole scene. Participants saw the stimuli through a mirror mounted on the head coil and indicated their decision by pressing one of two buttons of an MRI-compatible response device held in their right hand.

MRI ACQUISITION

All fMRI data were acquired using a 3-T scanner (Siemens Trio) with a 12-channel head coil at the University Hospital of Tübingen. All measurements covered the whole brain using standard echo-planar-imaging (EPI) sequences. For the experiments of Bilalić et al. (2010, 2011a,b, 2012) the following parameters were used: TR = 2.5 s; FOV = 192 × 192 mm; TE = 35 ms; flip angle: 90°; matrix size = 64 × 64; 36 slices with thickness of 3.2 + 0.8 mm gap resulting in voxels with a resolution of 3 × 3 × 4 mm3. The study of Huberle and Karnath (2012) used the following parameters: TR = 2 s; FOV = 192 × 192 mm; TE = 40 ms; flip angle: 90°; matrix size = 64 × 64; 24 axial slices with a thickness of 5 mm.

FUNCTIONAL MRI DATA ANALYSIS

The imaging data of Huberle and Karnath (2012) were originally processed using Brain Voyager®, whereas the data of Bilalić et al. (2010, 2011a,b, 2012) were analyzed using SPM5 (Wellcome Department of Imaging Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk/spm). Brain Voyager® and SPM differ from each other in some crucial aspects. For example, volume normalization in BrainVoyager® transforms the data to the Talairach space whereas normalization in SPM is based on templates in MNI space (Goebel et al., 2006; Lancaster et al., 2007). For the sake of a direct transfer between the studies we re-analyzed the dataset of Huberle and Karnath (2012) using SPM8 (Wellcome Department of Imaging Neuroscience, London, UK; http://www.fil.ion.ucl.ac.uk/spm). Only for the data of Huberle and Karnath (2012) temporal offsets of slice acquisition were accounted for by a temporal realignment. For both studies further preprocessing included spatial realignment of all images of a subject to the mean functional image for motion correction. Only in the studies by Bilalić et al. (2010, 2011a,b, 2012) residual motion artifacts induced by a susceptibility-by-movement interaction were additionally addressed using the unwarp function of SPM5. The mean EPI and all functional images were co-registered to the anatomical image for every participant. All images were normalized using the respective T1-weighted template and smoothed with a FWHM of 8 mm. Modeling of the time series of hemodynamic activation was based on the canonical response function as implemented in SPM5 and SPM8. A high-pass filter with a cut-off of 128 Hz eliminated low-frequency noise components and a correction for temporal autocorrelation in the data was applied using an autoregressive AR(1) process.

In the re-analysis of the Huberle and Karnath (2012) data, predictors for each experimental condition were constructed by a convolution of stimulus onsets for 20-, 40-, 60- and 80%-scrambled objects with the hemodynamic response function. The resulting design matrices comprised 4 experimental regressors, one for each scrambling level. Additionally, we included six covariates to capture residual movement-related artefacts. We used the individual participants' contrast images obtained from the first-level analysis for the second-level analysis. Areas involved in the intact perception of global gestalt were identified as those voxels that showed significantly higher signals for 20%-scrambled objects (intact global perception) compared to 80%-scrambled objects (disturbed global perception) based on a voxel-level threshold of p < 0.001 (uncorr.) with a cluster extent of at least 50 voxels in the area of the TPJ. We used a relatively liberal threshold to get bilateral ROIs and extend the analysis also to a left-sided TPJ area that was delineated using the same methods and thresholds that served for the right hemisphere. The results of this re-analysis were topographically consistent with the original results produced with Brain Voyager®. However, because of small differences in the statistical procedures between both analysis packages the extent of individual clusters based on individual thresholds were slightly different. The individual clusters that resulted from the re-analysis and which were used for the later ROI analyses are specified in Figure 2. In the further analyses we will label the three ROIs according to their localization as right, left anterior and left posterior TPJ ROI.
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FIGURE 2. Regions of interests (ROIs) derived from Huberle and Karnath (2012). ROIs were identified as those voxels that showed significantly higher BOLD signals for 20%-scrambled objects (intact global perception) compared to 80%-scrambled objects (disturbed global perception) based on a voxel-level threshold of p < 0.001 (uncorr.). The green color indicates the right TPJ ROI, red describes the left anterior TPJ ROI, blue indicates the left posterior TPJ ROI. ROIs are presented on a 3D rendered surface and axial slices for the left and right hemisphere. MNI coordinates of the center of mass and size of every ROI in mm3 is denoted in the corresponding color.



In the first two experiments of Bilalić and colleagues (Bilalić et al., 2011a,b), all trials were modeled with their full duration. In Experiment 3 (Bilalić et al., 2011b) the first second and in Experiment 4 (Bilalić et al., 2010, 2012) the first three seconds of each trial were used in order to keep the duration for each condition constant. The rest of the trial was also explicitly specified as a nuisance regressor, while the baseline was implicitly modeled. The mean percent signal changes (PSC) within each ROI were extracted for each participant and condition using MarsBar (http://marsbar.sourceforge.net). The PSC was calculated by dividing the maximum of the time course of the respective estimated event for this condition by the beta value for the constant session mean regressor. PSC values from experts and novices for the respective experiments and conditions were then analyzed with repeated measures ANOVAs.

RESULTS

In all experiments, chess experts showed a clear behavioral advantage compared to novices for chess related stimuli but not for the control stimuli (for details see: Bilalić et al., 2010, 2011a,b, 2012). To have an overview over all experiments and the respective results see Table 2.

Table 2. Results of statistical comparisons between experts and novices are indicated by a ‘+’ if a significant difference for the respective experiment and factor combination was observed and ‘0’ if the difference was not significant.
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EXPERIMENT 1

For Experiment 1 we calculated a 2 × 2 × 2 repeated measures ANOVA with the following factors and levels: expertise (expert vs. novice) × task (chess vs. face) × presentation (normal vs. inverted presentation).

Right TPJ

Experts showed stronger activation in the right TPJ area compared to novices depending on the stimulus category administered in the particular tasks (Figure 3A). Significantly stronger activations were evident for chess related stimuli in experts, while we found no significant difference between experts and novices for faces. The statistical analysis showed a significant main effect for task [F(1, 13) = 6.74, p = 0.02, η2p = 0.34] and a significant interaction effect for the factors expertise and task [F(1, 13) = 8.92, p = 0.01, η2p = 0.41]. Two separate Two-Way ANOVAs for the two tasks (chess/faces, with factors presentation and expertise) showed a significant main effect for expertise for chess related stimuli [F(1, 13) = 7.14, p = 0.02, η2p = 0.36] while no effect was observed in the control condition [faces, main effect expertise: F(1, 13) = 0.86, p = 0.37, η2p = 0.06]. In these analyses, there was no effect involving the factor presentation (p > 0.12).
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FIGURE 3. Results Experiment 1. Percent signal change (PSC) for the two experimental conditions chess and faces (normal and inverted presentation) for experts and novices. Subjects had to indicate whether the currently presented stimulus matched the previously presented stimulus. Results are presented for TPJ ROI right (A), left anterior (B) and left posterior TPJ (C). Error bars indicate standard error of the mean.



Left anterior TPJ

In the anterior left TPJ ROI a similar result pattern emerged. There was a stronger activation in this region for experts than in novices depending on the stimulus material administered (Figure 3B). In this ROI experts also showed stronger activations for complex chess related stimuli, while no meaningful difference between experts and novices was observable for faces. This was approved by the statistical analysis: a Three-Way ANOVA showed a significant interaction effect for expertise and task [F(1, 13) = 15.09, p = 0.002, η2p = 0.54]. The following separate ANOVAs for the two tasks revealed a significant main effect for expertise for chess stimuli [F(1, 13) = 7.50, p = 0.017, η2p = 0.37], while a significant main effect in the faces condition was present for the factor presentation only [F(1, 13) = 6.67, p = 0.02, η2p = 0.34].

Left posterior TPJ

For the posterior left TPJ ROI the previous result pattern was not observable (see Figure 3C). The Three-Way ANOVA showed a significant main effect for presentation [F(1, 13) = 16.99, p = 0.001, η2p = 0.57] and a significant interaction effect for the factors task and expertise [F(1, 13) = 8.68, p = 0.011, η2p = 0.40]. In the subsequent Two-Way ANOVAs for the two different tasks (chess/faces) a significant main effect for presentation was observable in the chess task [F(1, 13) = 5.28, p = 0.039, η2p = 0.29] while no effect was present for faces [F(1, 13) = 2.84, p = 0.12, ηp2 = 0.18].

EXPERIMENT 2

For Experiment 2 a 2 × 3 repeated measures ANOVAs with the factors expertise (expert vs. novice) and task (check vs. identity vs. control) were calculated for each ROI. These analyses did not reveal any differences between experts and novices (see Figure 4).
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FIGURE 4. Results Experiment 2. Percent signal change (PSC) for the three experimental conditions check (indicate if knight is in check), identity (recognition of a chess piece), and control (recognition of a geometrical shape) for experts and novices in TPJ ROI right (A), left anterior (B), and left posterior TPJ (C). Error bars indicate standard error of the mean.



Right TPJ

For the right TPJ region we found a significant main effect for task [F(2, 28) = 4.44, p = 0.021, η2p = 0.24].

Left anterior TPJ

Also in the anterior left TPJ area we found a significant main effect for task [F(2, 28) = 3.63, p = 0.04, η2p = 0.21]. Additionally, the interaction of task and expertise was significant [F(2, 28) = 4.68, p = 0.015, η2p = 0.26]. Post-hoc t-tests looking for significant differences between experts and novices in the three tasks did not show any significant results.

Left posterior TPJ

In the posterior left TPJ region the Two-Way ANOVA showed a significant main effect for task as well [F(2, 28) = 15.98, p = 0.001, η2p = 0.53].

EXPERIMENT 3

In this particular experiment a 2 × 3 × 2 design was used. It contained the following factors and levels: expertise (expert vs. novice) x task (check vs. knight vs. dot) x position (normal vs. random).

Right TPJ

In the right-hemispheric TPJ region experts showed stronger activations compared to novices across all three tasks (see Figure 5A). A Three-Way ANOVA including all factors confirmed this observation by a significant main effect for expertise [F(1, 13) = 7.70, p = 0.016, η2p = 0.24]. We observed a slightly non-significant interaction effect for the factors task and position [F(1, 13) = 3.82, p = 0.07, η2p = 0.19]. No other main effects or interactions were significant (all p > 0.28).
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FIGURE 5. Results Experiment 3. Percent signal change (PSC) for the three experimental conditions check (recognizing if the white king is in check), knight (recognizing if black/white knights are present), and control (recognizing if a black/white dot is presented) for experts and novices in normal (chess pieces arranged according to real chess matches) and random (chess pieces in randomized distribution) chess arrays. Results are presented for TPJ ROI right (A), left anterior (B), and left posterior TPJ (C). Error bars indicate standard error of the mean.



Left anterior TPJ

In the anterior left-hemispheric ROI the Three-Way ANOVA revealed an interaction effect for the factors expertise and task just above the adopted type-1 error probability threshold of 0.05 [F(2, 26) = 3.12, p = 0.06, η2p = 0.20, see Figure 5B]. Subsequent separate 2 × 2 ANOVAs for the different tasks showed a significant main effect for expertise in the check task [F(1, 13) = 5.12, p = 0.042, η2p = 0.28].

Left posterior TPJ

The analysis for the posterior left-hemispheric ROI also revealed an interaction effect for the factors expertise and task slightly above the probability threshold [F(2, 26) = 3.23, p = 0.056, η2p = 0.20, see Figure 5C]. Separate 2 × 2 ANOVAs for the different tasks demonstrated a significant main effect for expertise in the check task [F(1, 13) = 4.78, p = 0.048, η2p = 0.27].

EXPERIMENT 4

For Experiment 4 a 2 × 3 × 2 design was applied. It comprised the following factors and levels: expertise (expert vs. novice) × task (threat vs. knight & bishop vs. control) × position (normal vs. random).

Right TPJ

In the right-hemispheric TPJ region experts compared to novices showed higher signals for chess related stimuli than for control material (see Figure 6A). This result was confirmed by a Three-Way ANOVA showing a significant main effect for expertise [F(1, 21) = 13.19, p = 0.002, η2p = 0.37] and an interaction effect for the factors expertise and task [F(2, 42) = 5.18, p = 0.01, η2p = 0.20]. In separate ANOVAs for every task (threat, knight & bishop, control) significantly higher activations for complex chess stimuli were confirmed for chess experts compared to novices. The main effect for expertise was significant for the threat [F(1, 21) = 29.24, p < 0.001, η2p = 0.58] and the knight & bishop task [F(1, 21) = 8.68, p = 0.008, η2p = 0.29], but slightly not for the control task [F(1, 21) = 3.65, p = 0.07, η2p = 0.15].
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FIGURE 6. Results Experiment 4. Percent signal change (PSC) for the three experimental conditions threats (indicated whether the number of threats of black to white was four), knights and bishops (indicate whether the number of knights and bishops of both colors was four), and control (non-chess control task, all pieces regardless of color or type were counted, indicate if the number is 15) for experts and novices in normal (chess pieces arranged according to real chess matches) and random (chess pieces in randomized distribution) chess arrays. Results are presented for TPJ ROI right (A), left anterior (B), and left posterior TPJ (C). Error bars indicate standard error of the mean.



Left anterior TPJ

For the anterior left-hemispheric TPJ region we observed a similar result pattern. Experts compared to novices showed stronger neuronal activations for chess related stimuli than for control material (see Figure 6B). A Three-Way ANOVA confirmed this observation with a significant main effect for expertise [F(1, 21) = 12.42, p = 0.002, η2p = 0.40] and a significant interaction effect of expertise and task [F(2, 42) = 5.89, p = 0.006, η2p = 0.24]. The subsequent Two-Way ANOVAs for the three tasks revealed significant main effects for the factor expertise for the threat [F(1, 21) = 5.54, p = 0.029, η2p = 0.23] and the knight & bishop task [F(1, 21) = 10.20, p = 0.005], while no effect was present for control material [F(1, 21) = 1.85, p = 0.19, η2p = 0.35].

Left posterior TPJ

In the posterior left TPJ we found a significant three-way interaction for expertise x task x position [F(2, 42) = 4.12, p = 0.024, η2p = 0.18, see Figure 6C]. Subsequent ANOVAs for every task showed a significant interaction for position and expertise [F(1, 21) = 4.39, p = 0.05, η2p = 0.19] in the knights & bishop task. The following post-hoc t-tests supported a difference between experts and novices for normal [T(21) = 2.32, p = 0.03, Cohen's d = 0.95] but not random presentations [T(21) = 1.29, p = 0.21, d = 0.59]. However, the difference for normal presentations barely missed the priorily adopted significance threshold of p = 0.05 after Bonferroni correction.

DISCUSSION

In a series of four independent ROI analyses the BOLD signal changes in bilateral TPJ areas during the perception of complex chess related visual stimuli were investigated. We examined possible neuronal differences between chess experts and novices in left and in right TPJ regions that were associated with localized signal increases in an independent experiment on global perception (Huberle and Karnath, 2012). We hypothesized that superior visual processing skills for highly familiar, complex material (expert view) are strongly associated with enhanced visual integration abilities: chess experts perceive chess situations rather at the global level (full chess board) whereas novices focus on the local level (individual chess pieces). Indeed, experts compared to novices showed higher signals in bilateral TPJ areas during the presentation of complex but highly familiar chess stimuli in three of four ROI analyses. These signal differences were consistent for all stimuli with meaningful, chess-related content. Furthermore, the absence of significant differences between experts and novices in experiment 2 is in good agreement with our hypothesis. The stimuli used in Experiment 2 (Bilalić et al., 2011a; see Figure 1C) displayed a simplified version of a checkerboard with three by three fields. In the other experiments stimuli consisted of full chess boards and multiple chess pieces in various configurations (Bilalić et al., 2010, 2011b, 2012; see Figures 1B,D,E).

Our observations strengthen previous data that suggested a significant role of the TPJ in the processing of complex object configurations (Huberle and Karnath, 2012). This assumption is in good agreement with our current knowledge about the typical bilateral area of damage or degeneration in patients with simultanagnosia (Rizzo and Hurtig, 1987; Friedman-Hill et al., 1995; Rafal, 1997; Karnath et al., 2000; Tang-Wai et al., 2004; Valenza et al., 2004; Huberle and Karnath, 2006; Huberle et al., 2010; Thomas et al., 2012). Against the assumption that TPJ plays a specific role for global perception it might be argued that it simply controls attentional switches between or the balancing of local and global visual inputs. Mosaic stimuli like the ones used by Huberle and Karnath (2012) would allow for a detection of global shapes by low scale visual feature detectors early in the visual system, balanced with information coming from high scale visual feature detectors by the TPJ. However, the observation of similar signal changes in a set of experiments using chess board stimuli argues against this interpretation. The relationships between the local items, i.e., chess pieces, are not created through physical features but through semantic relations between the local stimuli whereas the physical characteristics are substantially different from the typical stimuli used in studies on visual integration (e.g., Fink et al., 1996; Huberle and Karnath, 2012). Thus, we assume that our observation of consistent signal changes at the TPJ in two experimentally very different situations with substantially different stimulus material supports a role of TPJ in visual integration processes beyond attentional control.

The ROIs for the right and left hemisphere analyzed in the present study were different. Whereas a single ROI was analyzed for the right hemisphere, two separated ROIs were used for the left hemisphere. This was the consequence of the transfer of the functional definition of these ROIs from the preceding global perception experiment (Huberle and Karnath, 2012) to the chess expert datasets based on accepted voxel- and cluster-level thresholds. Thus, the definition of these regions was based on objective statistical criteria to allow reproducibility. Obviously, using other voxel- and cluster-level thresholds or slightly different first- and second-level statistics might have resulted in somewhat different delineations of the ROIs. However, the general pattern of the results would not differ. The signal patterns in the analyzed ROIs suggested a relative lateralization of visual integration to the right hemisphere. We found strong interaction effects including the factor expertise for the large right TPJ ROI, whereas only the anterior left TPJ ROI revealed consistent differences between experts and novices during the presentation of complex visual material across Experiments 1, 3, and 4. In contrast, the more posterior left TPJ region showed much less consistent results with a somewhat conclusive signal pattern only for Experiment 3. The idea of a relative lateralization that was not tested explicitly would be in agreement with several studies arguing for a right hemispheric specialization for global aspects in visual integration (Martin, 1979; Robertson et al., 1988; Fink et al., 1997b; Yamaguchi et al., 2000) and perception of complex chess configurations (Krawczyk et al., 2011). Nevertheless, one study reported a left hemispheric dominance for processing of global features of complex visual material (Fink et al., 1997b). This variability between fMRI studies depending on the particular task and samples may also indicate that global perception processes are bilaterally represented in the human left and right hemispheres. The fact that the vast majority of the patients showing simultanagnosia suffered bilateral brain damage (Rizzo and Hurtig, 1987; Friedman-Hill et al., 1995; Rafal, 1997; Karnath et al., 2000; Tang-Wai et al., 2004; Valenza et al., 2004; Huberle and Karnath, 2006, 2010; Thomas et al., 2012) supports this assumption.

The observed association of superior skills with an increased BOLD signal in a confined cortical structure is also in line with studies investigating the neuronal effects of visual perceptual training and expert view in other brain regions. However, in numerous functional imaging studies on perceptual learning it was demonstrated that training results in higher BOLD signals in task-related brain areas (Gauthier et al., 1999; Grill-Spector et al., 2000; Furmanski et al., 2004; Op de Beeck et al., 2006; Jastorff et al., 2009). Particularly in the context of global perception, an increase of BOLD signal amplitudes was associated with an improvement of complex stimulus processing through learning (Maertens and Pollmann, 2005; Zhang and Kourtzi, 2010; Zhang et al., 2010; Mayhew et al., 2012). Beyond, research on expert-novice differences showed higher BOLD signals in experts (Gauthier et al., 2000; Rhodes et al., 2004; Harley et al., 2009). Our observations may also be addressed to prolonged training effects causing modulation and fine-tuning of other non-visual areas (Moore et al., 2006; Guida et al., 2012). We therefore suggest that the increase of the BOLD signal in the TPJ represents an important contribution to the behavioral difference between experts and novices. Further, we did not observe any significant effects for inverted presentations or random chess positions, arguing for highly automatized global processing mechanisms for chess configurations in over-trained experts. Whereas other complex visual stimuli like faces become more or less incomprehensible by an inversion, chess boards are still interpretable. Therefore, we did not expect clear-cut inversion effects for global chess stimuli in the TPJ ROIs, similar to the well-established differences for faces in the respective brain areas (Epstein et al., 2006).

However, neuroimaging studies of learning and expertise in other cognitive domains, like visual working memory (WM), showed different or even opposite BOLD result patterns with behavioral changes (Landau et al., 2004; Kelly and Garavan, 2005; Jaeggi et al., 2007). Jaeggi et al. (2007) demonstrated higher BOLD signals in low-performers than in experts in a working memory task. Landau and colleagues (Landau et al., 2004) found that learning led to a decrease of BOLD signals in several cortical brain areas. Obviously, there may exist several other factors, like advantages in working memory or motivation driving neuronal signals in expert view. However, the present study highlights an important contribution of visual integration and the associated neuronal structures to superior visual skills in chess experts.

In conclusion, our data show that fMRI signals in the TPJ are increased during the observation of complex stimuli in experts who experienced an extensive training that most likely resulted in superior skills of visual integration. The results of our cross-paradigm ROI analyses shows that such signal increases are not only observed using highly selective global/local stimulus material in within-subject comparisons but can be detected in between-subject comparisons using stimulus material from a different field of research. In good agreement with previous fMRI studies (Himmelbach et al., 2009; Huberle and Karnath, 2012) and patient reports (Rizzo and Hurtig, 1987; Friedman-Hill et al., 1995; Rafal, 1997; Karnath et al., 2000; Tang-Wai et al., 2004; Valenza et al., 2004; Huberle and Karnath, 2006; Huberle et al., 2010; Thomas et al., 2012) the presented data supports the assumption of a crucial involvement of the left and the right TPJ in global gestalt perception.
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Visual perception depends on the visual context and is likely to be influenced by size constancy, which predicts a size and distance invariant perception of objects. However, size constancy can also result in optical illusions that allow the manipulation of the perceived size. We thus asked whether the integration of local elements into a global object can be influenced by manipulations of the visual context and size constancy? A set of stimuli was applied in healthy individuals that took advantage of the “Kanizsa” illusion, in which three circles with open wedges oriented toward a center point are placed to form an illusionary perception of a triangle. In addition, a 3D-perspective view was implemented in which the global target (“Kanizsa” triangle) was placed in combination with several distractor circles either in a close or a distant position. Subjects were engaged in a global recognition task on the location of the “Kanizsa” triangle. Global recognition of “Kanizsa” triangles improved with a decreasing length of the illusory contour. Interestingly, recognition of “Kanizsa” triangles decreased when they were perceived as if they were located further away. We conclude that the integration of local elements into a global object is dependent on the visual context and dominated by size constancy.
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INTRODUCTION

Principles of Gestalt perception have strongly influenced our understanding of visual cognition. In the past century, Gestalt psychologists like Koffka (1935) and Wertheimer (1923) postulated that the human brain determines single elements with common features as a single entity rather than a sum of separate parts. Stimuli used to investigate the integration of multiple elements into a complex object can be found in Navon letters (Navon, 1977), i.e., hierarchically organized visual stimuli where a global letter is constructed from an array of local letters, or the “Kanizsa” illusion (Kanizsa, 1955). This illusion consists of an arrangement of circles with a wedge like gap (so called “pacman”) that form an illusory angular figure. The “Kanizsa” illusion evokes neuronal responses similar to “real” geometrical figures in early and higher visual areas along the ventral stream (Hirsch et al., 1995; Ffytche and Zeki, 1996; Larsson et al., 1999; Halgren et al., 2003; Stanley and Rubin, 2003; Maertens and Pollmann, 2005, 2007; Maertens et al., 2008). Regarding the spatial characteristics of “Kanizsa” illusions it has been demonstrated that their global recognition performance decreases with an increasing length of the illusory contours (Kojo et al., 1993; Liinasuo et al., 1997). This observation is in line with a recent study showing that the spatial distance between local letters is crucial for recognition of Navon letters in neurological patients with simultanagnosia (Huberle and Karnath, 2006).

Besides physical properties of objects themselves, the visual environment plays an important role for efficient object recognition. In this context, the phenomenon of visual constancy is a crucial factor of human visual perception. Visual constancy is a key mechanism that allows the perception of familiar objects at a “standardized” shape, size, or color and is also critical for the invariant identification of objects regardless of changes in perspective, distance, lighting or the size of the retinal image (Emmert, 1881; Brunswik, 1934; Hebb, 1958; Fitzpatrick et al., 1982). Various perceptual illusions like the Ponzo or the Müller-Lyer illusion (Müller-Lyer, 1889; Ponzo, 1911) are explained by size constancy—a crucial aspect of visual constancy enabling invariant size perception. Moore and Egeth (1997) revealed a pre-attentional influence for grouping mechanisms in the way that the length estimation of simple lines presented within a dot array was affected by the configuration of the dots in the background. When these dots formed a Ponzo or Müller-Lyer illusion, the length estimation changed depending on the arrangement of the surrounding dots. Importantly, the effect was present although the participants were unaware of the dot configurations in the background.

A previous study (Beck, 1975) demonstrated a significant role of perspective on global recognition performance. Global perception improved if the global target was perceived further away by tilting the stimulus; global recognition was supported by this perspective change which produced a closer retinal spacing between local elements. We therefore asked whether global recognition performance is dependent on the perceived distance between the individual elements of hierarchically organized stimuli and hypothesized that a perspective manipulation inducing larger distances between local elements by means of size constancy might result in decreased global recognition. In contrast to the work by Beck (1975), the present study aimed to achieve a distance manipulation by mechanisms of size constancy preserving a constant retinal image. In detail, we presented healthy observers with a 3D perspective view of an edged wall, in which an illusory “Kanizsa” triangle in an array of distractors was placed either at the close (Front condition) or the distant (Back condition) part of the wall. We assumed that the distant section of the wall would be perceived subjectively larger compared to the close section although the physical and retinal image remained unchanged. If size constancy influences Gestalt perception, the illusory contours of the “Kanizsa” triangles presented in the Back condition should be more difficult to perceive (cf. Beck, 1975), resulting in a decrease in recognition performance.

METHODS

PARTICIPANTS

Twenty healthy individuals (5 males, 15 females; average age 24.0 years, SD = 3.9) participated in Experiments 1 and 2; another 20 observers (6 males, 14 females; average age 25.5 years, SD = 4.4) took part in Experiments 3 and 4; 22 subjects (2 males, 20 females; average age 23.4 years, SD = 4.1) were tested in Experiment 5. All participants had normal or corrected-to-normal vision, no history of brain damage, and gave their informed consent before the participation in the study, which has been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.

In Experiments 2 and 4, one participant had to be excluded for the final analysis due to low performance. Even in the easiest stimulus conditions where all other subjects showed an accuracy between 80–100%, this subject's performance did not exceed the 50% chance rate. We attributed this behavior to a lack of motivation or comprehension. In Experiment 5, three participants had to be excluded due to the same reason.

STIMULI

Experiment 1

Stimuli displayed an edged stone wall with a perpendicular arrangement of the different parts of the wall (Figure 2A). The two main parts of the wall were oriented in parallel to the horizontal outline of the stimuli and appeared to be located close to the observer (Front) or further away (Back). In addition, the Front could be located to the left or the right from the center of the stimulus. All stimuli had a size of 19° × 19° visual angle, in which the Front covered an area of 19.0° × 9.5° with a size of the individual stones of 3.5° × 1.0°. The size of the Back was 7.0° × 5.0° with a size of individual stones of 1.4° × 0.4°. A fixation dot was placed at the center of the stimulus.

Finally, a 3-2-3 array of white circles composed of wedge-like gaps (also known as “pacman”) was superimposed on the wall. The size of the array was 4.0° × 4.0°. The center of this array was placed in the center of the Front or the Back and thus located 6.5° to the right or the left from the central fixation dot. Three of the eight “pacmen” were oriented to enable the perception of an illusory triangle, while the remaining “pacmen” had a random orientation. The triangle was located at one of following positions within the array: (1) top/left, (2) top/right, (3) bottom/left, (4) bottom/right. The four possible positions were balanced for both presentation conditions (Front, Back) and sides (left, right) in all experiments. In order to facilitate the integration of the local “pacman” into a global triangle, we manipulated the size of the “pacmen.” In detail, the following sizes of the “pacmen” were used: 0.4° (Size 1), 0.5° (Size 2), 0.6° (Size 3), 0.7° (Size 4), and 0.8° (Size 5). The distance of 1.8° (calculated from the center of the “pacmen”) between the individual elements remained unchanged across conditions. Examples of the five sizes are shown in Figure 1.


[image: image]

FIGURE 1. Five 3-2-3 arrays with the five sizes of pacmen, with a Kanizsa triangle in the left upper corner; from left to right: Size 1–5.



Experiment 2

Experiment 2 aimed to test for differences in the integration of local elements into a global shape irrespective to the global perspective, but with respect to the local surround. The stimuli displayed a straight wall without the presence of edges (Figure 2B). The vertical extension of this wall was 11.0°, which was the average of the Front and Back in Experiment 1. In parallel to Experiment 1, the individual stones covered a size of 1.4° × 0.4° (Back) or 3.5° × 1.0° (Front). The stimulus parameters of the 3-2-3 array were identical to Experiment 1.


[image: image]

FIGURE 2. Left: 3-2-3 array of white “pacmen” forming a “Kanizsa” triangle in one of four possible positions presented on one side of a shifted wall. (A) Stimulus for Experiment 1: 3-2-3 array presented on a naturalistic wall; (B) Stimulus for Experiment 2: 3-2-3 array presented on a wall appearing close (Front condition). The distant condition (Back) is not shown explicitly. Right: Results of Experiments 1 and 2 (A,B): displayed is the average percentage and standard errors of correct identification of “Kanizsa” triangles for the five different conditions of the “pacman” (Size 1–5) and two locations (Front, Back). *p < 0.01, Bonferroni corrected for five comparisons.



Experiment 3

Experiment 3 aimed to test for differences in the integration of local elements into a global shape irrespective of the local surround, but with respect to the global perspective. The stimuli for Experiment 3 were comparable to the stimuli used for Experiment 1 with the exception that individual stones were replaced by a uniform gray surface (average of all pixels belonging to the stone wall in Experiment 1; Figure 3A). The 3D-perspective was generated by a squared pattern on the bottom in front of the wall.
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FIGURE 3. Left: 3-2-3 array of white “pacmen” forming a “Kanizsa” triangle in one of four possible positions presented on one side of a shifted wall. (A) Stimulus for Experiment 3: 3-2-3 array presented on a uniform gray wall; (B) Stimulus for Experiment 4: 3-2-3 array presented on a gray box within a naturalistic wall. (C) Sample Stimulus for Experiment 5: 3-2-3 array presented on a size adjusted gray box within a naturalistic wall (6.4° × 7.0°, which was the size closest to the mean perceived size). Right: Results of Experiments 3–5 (A–C): displayed is the average percentage and standard errors of correct identification of “Kanizsa” triangles for the five different conditions of the “pacman” (Size 1–5) and two locations (Front, Back). *p < 0.01, Bonferroni corrected for five comparisons.



Experiment 4

In parallel to Experiment 3, Experiment 4 aimed to test for differences in the integration of local elements into a global shape irrespective of the local surround, but with respect to the global perspective. The 3-2-3 array was embedded in a gray square (average of all pixels belonging to the stone wall in Experiment 1; Figure 3B) with a size of 4.8° × 5.4°, while the remaining stimulus parameters were identical to Experiment 1.

Experiment 5

Experiment 5 should control the possibility of an influence of local perspective effects by the size of the gray square used in Experiment 4. It consisted of two different parts: a preliminary test and the main experiment. In the preliminary test, the stimulus set of Experiment 4 was used but the 3-2-3 array was removed and a second gray square was added. In addition, the size of the gray square in the Back remained constant (4.8° × 5.4°) while the size of the square in the Front was presented in ten different sizes (4.8° × 5.4°, 5.0° × 5.6°, 5.2° × 5.8°, 5.4° × 6.0°, 5.6° × 6.2°, 5.8° × 6.4°, 6.0° × 6.6°, 6.2° × 6.8°, 6.4° × 7.0°, 6.6° × 7.2°). Figure 3C shows a square of 6.4° × 7.0°, which was the size closest to the mean perceived size (see Results). We then determined the condition, in which the participant's perceived an equal size of the two gray squares. This condition was used for the main experiment, which was identical to Experiment 4.

PROCEDURE

All experiments were conducted in a room with dimmed light; stimuli were presented on a 19 inches CRT monitor with subjects located 57 cm in front of it. Stimulus presentation and data collection were controlled by a custom-made program using MatLab 2003b (MathWorks) and the Psychophysics Toolbox (Version 2.54; Brainard, 1997).

Experiments 1–4

The same design and procedure were used for Experiments 1–4. Each experiment consisted of ten conditions (Front: Size 1–5, Back: Size 1–5) that were repeated 48 times, resulting in a total number of 480 trials. All trials were presented in a random order in three blocks of 160 trials each. Before the onset of the first trial, all observers were familiarized with the type of stimuli and task in a short practice session.

Each trial started with a stimulus presentation of 250 ms followed by a blank interval between 2250 and 3250 ms, in which the central fixation dot was presented in a gray background. This procedure resulted in a trial duration between 2500 and 3500 ms. During the blank interval, participants were engaged in a two alternative forced choice task on the position of the triangle. That is, they were instructed to indicate, if the location of the perceived triangle was at the top or the bottom of the 3-2-3 array by pressing a button in their right or left hand. The design was balanced for the position of the target triangle as well as the location of the array (left or right) with respect to its position (Front or Back). Further, the keymapping was counterbalanced across participants. Participants were instructed to maintain fixation throughout the study.

Experiment 5

The preliminary test consisted of ten conditions (Size 1–10) that were repeated 16 times each resulting in a total number of 160 trials. All trails were presented within one block. The participants were instructed to indicate which of the two squares was perceived larger. The condition of subjective equality was used for the main part of Experiment 5, which was identical to Experiments 1–4.

RESULTS

Experiment 1

Figure 2A shows that the percentage of correct responses tended to increase with an increasing size of the “pacman” for both Front and Back presentation conditions. We performed a repeated-measures ANOVA on the percentage of correct responses with Size (Size 1–5) and Position (Front, Back) as independent factors. The analysis revealed a significant interaction between the two factors [F(4, 16) = 4.50, p = 0.01]. Simple main effects were investigated by comparing Front and Back positions for every size of the “pacman” by paired T-tests. Using a Bonferroni-correction to correct for multiple comparisons (resulting in an alpha level of.01) we observed significant differences for Size 2 [2: T(19) = 3.63, p = 0.002], but not for Sizes 1 and 3–5 [1: T(19) < 1, p = 0.41; 3: T(19) = −2.20, p = 0.041; 4: T(19) = −2.48, p = 0.023; 5: T(19) = 1.41, p = 0.18]. Bonferroni-corrections regarding the post-hoc tests were applied for all conducted experiments.

Experiment 2

In parallel to Experiment 1, the percentage of correct responses showed a clear tendency to increase with an increasing size of the “pacman,” again for both presentation conditions (see Figure 2B). In parallel to Experiment 1, we conducted a repeated-measures ANOVA with the same factors and observed a significant interaction between these factors [F(4, 15) = 27.85, p < 0.001] as well as a significant difference between the two positions for Sizes 1 and 3 [1: T(18) = 5.59, p < 0.001; 3: T(18) = 3.67, p = 0.002], but not for 2, 4, and 5 [2: T(18) = 1.32, p = 0.21; 4: T(18) = 1.76, p = 0.10; 5: T(18) < 1, p = 0.61].

Experiment 3

Performance was higher, if the 3-2-3 array was presented in the Front and tended to increase with an increasing size of the “pacman” for both presentation conditions (see Figure 3A). The repeated measures ANOVA with Size and Position as independent factors revealed a significant main effect for Size [F(4, 13) = 10.81, p < 0.001] and Position [F(1, 16) = 9.81, p = 0.006] but no significant interaction [F(4, 13) = 1.38, p = 0.30].

Experiment 4

Performance tended to increase with an increasing size of the “pacman” (Figure 3B). The repeated-measures ANOVA revealed a significant interaction between the two factors [F(4, 13) = 4.58, p = 0.02]. By comparing Front and Back positions with paired T-tests for each size, we revealed significant differences for Size 2 [T(15) = 3.34, p = 0.004], but not for Sizes 1, 3–5 [1: T(15) < 1, p = 0.45; 3: T(15) = −2.05, p = 0.60; 4: T(15) < 1, p = 0.91; 5: T(15) < 1, p = 0.48].

Experiment 5

Also in this experiment, performance showed a clear tendency to increase with an increasing size of the “pacman” (see Figure 3C). Two squares were perceived equally large if the square in the Front condition was 41% larger than in the Back. With the adjusted square, performance again increased with an increasing size of the “pacman” (see Figure 3C). For the main experiment, the repeated measures ANOVA revealed a significant main effect for Size [F(4, 14) = 9.61, p = 0.001], but not for Position [F(1, 17) = 2.97, p = 0.13]. The interaction effect was also not significant [F(4, 14) < 1, p = 0.70].

Comparison experiment 1 vs. 3

To directly test for effects of local details, we performed a three-way ANOVA with Size (1–5), Position (Front, Back) and Experiment (1 and 3) as independent factors. This ANOVA revealed a significant three-way interaction of Size, Position and Experiment: [F(4, 34) = 8.05, p < 0.001] that strengthens the assumption for a crucial role of the visual context regarding effects of visual constancy in visual integration.

DISCUSSION

The present study aimed to investigate the role of size constancy for global recognition in a task requiring the integration of local elements into a global object. We took advantage of the “Kanizsa” illusion while size constancy was achieved by a 3D-perspective in which the “Kanizsa” illusion was placed. According to previous observations emphasizing the length of the illusory contours as a crucial factor for the perception of “Kanizsa” triangles (Kojo et al., 1993; Liinasuo et al., 1997), we assumed that global recognition performance was lower if the local elements were perceived to be further away from each other (Beck, 1975). A general decrease in recognition performance was thus assumed for the Back compared to the Front. In line with these predictions is the data of Experiment 3, demonstrating lower global recognition performance of the target object in the Back than in the Front condition. Noteworthy, in this experiment only global information of the visual background was available, while local information (individual stones, texture) was removed. A similar but not significant pattern was observed in Experiment 5 after the size of the gray square was adjusted and thus equally large perceived in the Front and Back.

In this context, data from patients with simultanagnosia, a rare neurological disorder describing the inability to perceive a global Gestalt (Bálint, 1909), should be noted: global recognition performance in simultanagnosics can be modulated by the spatial distance between local elements and improves with smaller distances between elements (Huberle and Karnath, 2006). Further work indicated a key role of the visual angle together with the retinal image for global object recognition (Huberle et al., 2010). It could be demonstrated that rather the retinal image than the physical size of an object has a major impact on global perception. In addition, saliency has been linked to global recognition performance in simultanagnosics (Huberle and Karnath, 2010). However, the current results extent previous work and indicated that the perceived size might be more important for the recognition of a global Gestalt than its physical size. Further, the present findings cannot simply be attributed to retinal images and saliency, which were identical between the Front and Back condition. The explanation might rather be found in a systematic effect of size constancy on global perception that is attributed to the limited amount of local context information immediately available to the observer. In case of the absence of local context information a pronounced effect of size constancy on global perception is evident. Size constancy underlies the observation that separate objects presented in an enriched visual context are rather perceived at a subjective size. A recent study investigating size constancy in a virtual reality environment demonstrated that despite of an identical physical and retinal image perceived object size was mainly determined by perspective manipulations (Kenyon et al., 2008).

The results of the remaining experiments indicated a more complex interaction between size constancy and the integration of local elements into a global object. First, the data of Experiment 1 suggested an influence of local context information, namely the stone-like surface used for the wall. If the “pacmen” were large, the results were similar to Experiments 3 and 5. However, for small sizes of the “pacmen” the reversed pattern—higher global recognition performance in the Back than in the Front—was observed. Similar results became evident for Experiment 4. The differences in the global recognition performance between Experiments 4 and 5 might also be explained by local context information. In Experiment 5, the gray square in the Front condition was more than 40% larger than in Experiment 4 and therefore covered more of the local surround. Moreover, the stimulus presentation of Experiment 3 is comparable to earlier work by Beck (1975), where global stimuli were also presented on a plane background. Further, local context information should also be regarded together with visual crowding, the interaction between nearby contours or “visual clutter” on visual discrimination and object recognition (Levi, 2008; Pelli and Tillman, 2008). “Visual clutter” surround global targets might disturb global recognition performance (Dakin and Baruch, 2009; Kingdom and Prins, 2009; Lau and Cheung, 2012; Robol et al., 2012). The idea of an interaction with local context information was further strengthened by the results of Experiment 2. Local context information with a minimized global surround (flat wall with small and large stones) showed a lower global recognition performance if large stones (equal to the Front) were used instead of smaller ones (similar to the Back). Moreover, the results of this experiment suggest that global recognition performance in the remaining experiments was mainly influenced by perspective manipulations and was independent from local context information. However, the present data cannot answer the question if local details changed the perceived size between local elements or influenced visual integration in general. Evidence about visual crowding and object perception (Levi, 2008; Pelli and Tillman, 2008), nevertheless, suggests a general influence of local details on integration processes. These observations reported here were mainly restricted to Sizes 2–4 while differences between Back and Front presentation for Sizes 1 and 5 were less pronounced over all experiments. We address this effect to a higher experimental sensitivity for the middle sizes of the stimulus spectrum. Moreover, missing variability for Size 5 can be attributed to a general ceiling effect for the ‘easiest’ condition, while Sizes 2–4 appeared to be more sensitive to reveal perspective differences between the Back and Front presentation.

Recent work observed a faster recognition of meaningful arrays creating illusory contours compared to random configurations of local elements in a noisy visual background indicating also an involvement of early visual areas in integration mechanisms (Wang et al., 2012). Further, neuroimaging studies have identified distinct neuronal networks of illusory contour processing (Hirsch et al., 1995; Ffytche and Zeki, 1996; Halgren et al., 2003; Maertens and Pollmann, 2005, 2007). However, the evidence of influences of size constancy on Gestalt perception supports the view of contributions of later visual areas to processes of visual integration. Various studies showed that functions of object perception get affected by size constancy (Emmert, 1881; Fitzpatrick et al., 1982; Kenyon et al., 2008) and localized object processing beyond early visual areas along the ventral visual pathway (Ungerleider and Mishkin, 1982; Goodale and Milner, 1992; Grill-Spector, 2003). Therefore, the presented results demonstrating influences of size constancy on Gestalt perception are in line with various findings from patients with simultanagnosia and healthy subjects attributing global perception to posterior parietal brain areas (Rizzo and Hurtig, 1987; Friedman-Hill et al., 1995; Rafal, 1997; Karnath et al., 2000; Tang-Wai et al., 2004; Valenza et al., 2004; Himmelbach et al., 2009; Huberle and Karnath, 2012; Thomas et al., 2012).

The current results suggest an important role of size constancy on global perception of hierarchically organized visual stimuli. In accordance with previous findings, the distance between local elements in illusory global objects composed of local elements appears to be a crucial factor for global recognition. Emphasizing the importance of the perceived size of a global figure in visual integration, the data extend previous findings in patients with simultanagnosia that attributed global recognition performance to the retinal size rather than the physical. To our knowledge, the work shown here represents the first manipulation of global recognition with mechanisms of size constancy preserving a constant retinal image and, thus, highlights the role of the perceived size of a global object in the process of visual integration. Size constancy influences our perception and leads to an enlarged inter-element spacing in hierarchically organized global figures. Finally, local context information shows an interaction with size constancy.
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Optic ataxia is a component of Balint's syndrome and is a disorder that results from damage to the posterior parietal cortex (PPC) leading to deficits in reaching and grasping objects presented in the visual field opposite to the damaged hemisphere. It is also often the case that Balint's syndrome is accompanied by visual field defects due to the proximity of parietal and occipital cortices and also due to the subcortical pathway relaying visual information from the retina to the visual cortex passing underneath the parietal cortex. The presence of primary visual defects such as hemianopia often prevents clinicians from diagnosing higher-level visual deficits such as optic ataxia; the patient cannot reach to targets he/she cannot see. Here, we show that through the use of a paradigm that takes advantage of remapping mechanisms, we were able to observe optic ataxia in the blind field. We measured reach endpoints of a patient presenting with left optic ataxia as well as a quadrantanopia in the left lower visual field in eye-static and eye-dynamic conditions. In static conditions, we first asked the patient to reach to targets viewed in her non-optic ataxic intact right visual field (fixating on the left of the target array). In this case, the patient showed undershoots equivalent to controls. Next, we asked her to reach to (the same) targets viewed in the upper left optic ataxic but intact visual field (fixating to the right of the target array). The undershooting pattern increased greatly, consistent with unilateral left optic ataxia. In dynamic conditions, we asked her to view targets in her good (right lower) visual field before reorienting her line of sight to the opposite side, causing the internal representation of the target to be updated into the opposite (ataxic) blind visual field. The patient then reached to the remembered (and updated) location of the target. We found errors typical of optic ataxia for reaches guided toward the quadrantanopic field. This confirmed that reaching errors depended on the updated internal representation of the target and not on where the target was viewed initially. In both the patient and the controls, the updating of target location was partial, with reaching errors observed subsequent to an eye movement made from left to right fixation positions being intermediate between the left and right static conditions. Thus, using this remapping paradigm, we were able to observe optic ataxia in the blind field. In conclusion, this remapping paradigm would allow clinicians to test for visuo-manual transformation deficits (optic ataxia) even when it is associated with hemianopia.
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INTRODUCTION

One of the unresolved issues for clinicians is how to distinguish between primary visual field deficits and those that are higher-level such as visual neglect or extinction as well as those pertaining to Bálint's syndrome (optic ataxia, simultagnosia, and gaze apraxia). Indeed, when a primary visual deficit in the contralesional field is associated with a visuo-motor transformation deficit (such as optic ataxia) or of visual attention (such as visual neglect or extinction) in the contralesional field, it is difficult to evaluate the contribution of low-level and higher-level visual deficits to performance in the contralesional visual field. This is particularly the case in the presence of hemianopia.

We took the opportunity to test a patient with unilateral optic ataxia as well as a visual scotoma in order to evaluate whether optic ataxia can be revealed in blind field using an eye-dynamic paradigm based on saccadic visual updating (Khan et al., 2005a,b). Through the use of this paradigm, we were able to bypass primary visual processing of external stimuli and thus to isolate the higher-level visuo-manual transformation processes, since the visual stimulus is presented in the ipsilesional (intact) visual field and the response is provided in the contralesional visual field.

Optic ataxia is a disorder that results from either unilateral or bilateral damage to the caudal part of the posterior parietal cortex (PPC), including the parieto-occipital and the intra-parietal sulci (Pisella et al., 2009) and is classically manifested as misreaching to objects using visual information (Perenin and Vighetto, 1988). A clinical diagnosis of OA involves testing for accurate reaching to targets presented in the peripheral left and right visual fields while the patient fixates at a central location (Vighetto and Perenin, 1981). With bilateral OA, patients misreach to targets in both visual fields with both hands, whereas with unilateral OA, patients generally misreach to targets presented in the contralesional field with their ipsilesional hand as well as to targets presented in both visual fields with the contralesional hand (Perenin and Vighetto, 1988), however there are cases where patients only have a field effect without any hand effect (Blangero et al., 2011).

Damage to the PPC results from a multitude of factors, including traumatic brain injury, cerebral aneurysms, hypoxia, poisoning, neurological disease, and stroke damage, both ischemic and hemorrhagic. The PPC is particularly affected with injuries involving blood supply; it lies in a watershed region, an area that receives blood supply from the most distal branches of both the anterior cerebral and posterior cerebral arteries. As such, the occlusion of either artery can and does result in damage to the PPC. The posterior cerebral artery is also the primary blood supply to the visual cortex. Unilateral occlusion of this artery can lead to visual field defects such as homonymous hemianopia or quadrantanopia (Zhang et al., 2006). Therefore, the occlusion of the posterior cerebral artery can lead to both visual field defects as well as optic ataxia. Thus, when patients present with hemianopia, it is important to also test for unilateral OA within the same hemifield. However, it is impossible to test for reach errors associated with optic ataxia within the hemianopic visual field since patients cannot point to targets they cannot see, except in a blindsight paradigm (Perenin and Rossetti, 1996) in which pointing is not performed with enough accuracy to distinguish between the presence or absence of optic ataxia.

One solution is to take advantage of automatic updating mechanisms combined with memorized reach target locations. We previously showed that the reaching errors of unilateral optic ataxia patients (with no visual field defects) depended on where they were looking while reaching, rather than where they had viewed the target (Khan et al., 2005a). First, we established baseline errors while asking patients to reach to targets presented either in the impaired (left) or the intact (right) visual field, and found reach errors similar to healthy controls when they reached to targets presented in their intact visual field and much larger errors when reaching into their impaired visual field. Next, we asked patients to reach to a target presented in the impaired visual field, but first to make an eye movement to the opposite side before reaching to it, essentially updating the target location into the intact visual field. We found that the patients were able to reach to the target with minimal errors, just as if they had viewed the target in the intact visual field. Importantly for the current study, when they viewed the target in the intact visual field and then made an eye movement to the opposite side, they reached to the target as if they had viewed the target in the impaired visual field. In summary, we found that optic ataxia patients were able to accurately memorize the location of a target and to accurately update its location across eye movements. Previous imaging, behavioral, and patient studies have shown that these patterns of errors arise because targets for reaching are encoded and updated internally in a gaze-centered reference frame, i.e., relative to where the eyes are directed, both in the healthy (Henriques et al., 1998; Medendorp et al., 2003; Merriam et al., 2003) and damaged brain (Khan et al., 2005a,b; Dijkerman et al., 2006; Blangero et al., 2010). Therefore, we concluded that the specific deficit in OA was to convert this visual information (externally viewed or internally updated) into an accurate reaching movement (Khan et al., 2005a).

We propose therefore that using this updating paradigm makes it possible to diagnose OA within the hemianiopic visual field by testing for reach errors even when there are no visual targets present. To provide proof of concept, we show reaching errors in a patient presenting with quadrantanopia in the left lower visual field as well as unilateral left optic ataxia (as evidenced by reach errors to visual targets presented in the left upper visual field). Within the lower visual field, the pattern of reach errors changed when she reached to targets presented in the intact (right) visual field with or without an intervening eye movement. In summary, the patient showed reach errors consistent with OA to internally updated targets in the lower left visual field.

MATERIALS AND METHODS

PARTICIPANTS

Patient JR is a 23 years old right-handed female, who presented with ventricular meningioma that originated at the atrium of the lateral ventricle, removed in 2008, which was followed by the growth of a cyst, which was also removed. As a result of the surgery, she has a lesion that extends from the lateral ventricle into the white and gray matter of the right parieto-occipital junction including the caudal part of the intra-parietal sulcus, as can be seen in the MRI in Figure 1A. As a result of the damage to the white matter in the parietal area (Baum's loop), she has quadrantanopia in the lower left visual field (Figure 1B). She shows an impoverished visual memory (visual span of 4 items at Wechsler test) but preserved verbal memory (verbal span of 6 items at Wechsler test, score within the norm for the California Verbal Learning test: 14/16). She shows attentional deficits in disengaging from the right visual field using the Posner test (valid trials with target presented in the LVF: 359 ms, valid trials with target presented in the RVF: 373 ms, invalid trials with trials presented in the LVF: 438 ms, invalid trials with trials presented in the RVF: 369 ms) but no clinical neglect (no deficit in drawing from memory, copying the 5 items of the Gainotti test, line cancellation test).
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FIGURE 1. Patient JG MRI and visual perimetry. (A) MRI of patient JG. T2-weighted scans showing the damage after cyst removal (in white lower left) at the right parieto-occipital junction, including the caudal part of the intra-parietal sulcus and extending subcortically to the right lateral ventricle through the white matter. Scans are shown in radiological convention. (B) Goldman perimetry showing patient's quadrantanopia in the lower left visual field. She also showed somewhat large blind spots in both eyes.



She showed no executive dysfunction (Modified Card Sorting Test: 6/6), full preservation of language skills (object naming, verbal repetition, verbal fluency, search of contradictory words), and good execution of the Luria motor sequence, symbolic gestures and pantomimes, as well as no primary sensory and motor deficits at clinical assessment. Copying the Rey figure was difficult with 6 errors and a slow execution, a possible contribution of constructional apraxia (in addition to the primary visual deficit) to this difficulty seems confirmed by her own reports of problems with spatial orientation (she often get lost) and in dressing herself.

In addition, we also tested 7 neurologically intact participants (age range: 22–37, M = 28.14, all female, 6 right-handed). All participants provided informed consent to participate in the experiment which conformed to the Declaration of Helsinki for experiments on human subjects.

APPARATUS

Participants sat on a chair facing the center of a vertical blank white screen (Figure 2A) on which there were two fixation dots (filled black circles, located 30° left and right of center). The participant's eyes were located at a distance of 30 cm from the screen and were aligned vertically with the two fixation dots and centered between them horizontally. Participants reached to one of 8 different reach targets (open circles, 15.5°, 9.5°, 5.5° left and 3.5° right of center and 7°, 13°, 15°, and 24° up or down of center) using their right hand. Reach endpoints were measured using a video-based Vicon motion analysis system (Vicon Motion Systems) at 200 Hz, using a passive infrared reflector marker positioned on the participant's index finger. Participants began each reach movement by releasing a start trigger at the bottom of the screen, which extinguished the reach target (in all but one session for the controls, see below). Eye movements were monitored online using EOG for all but one control subject, who reported verbally whether she made any erroneous saccades (1 occurrence). Reaches were made in a lighted room and participants were able to see their hand during the entire experiment.
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FIGURE 2. Stimuli setup and trial sequence. (A) Stimuli setup. Participants reached to one of 8 targets (open circles) while fixating on either the left (30°) or right (30°) fixation dots (black dots) or after making a saccade from the left to the right fixation dots. Targets were located at 15.5°, 9.5°, 5.5° left and 3.5° right of center and 7°, 13°, 15°, and 24° up or down of center. Target locations were illuminated with a laser pointer by the experimenter from behind the screen facing the participant. The gray filled target is the one used to describe task sequence next. (B) Fixation left sequence. Each trial began with the participant fixating on the left fixation dot. Next the experiment illuminated the target (gray filled dot). The participant then reached to the location of the target, which was automatically extinguished when the participant released the start trigger. The participant remained fixated on the fixation dot throughout the trial. The fixation right session was identical except that participants fixated on the right fixation dot. (C) Saccade left-to-right sequence. Each trial began in the same way as the fixation left sequence. Next the participant made a saccade from the left to the right fixation dot. For the patient and for targets in the lower visual field, the target was no longer visible once the patient made the saccade because of the patient's blind field. For the control subjects, the target was extinguished before the saccade was executed. After that, both groups reached for remembered location of the target.



PROCEDURE

There were 3 different experimental sessions, (1) fixation left, (2) fixation right, and (3) saccade left to right. Figure 2B depicts the task sequence for a left fixation trial, showing only a portion of the screen with the left fixation and one target location (filled gray target in Figure 2A). The task sequence for the fixation left and right sessions were as follows. Participants were asked to fixate on the left (right) fixation (shown by the black dot) and place their hand on the start trigger. Thereafter, the experimenter illuminated one target (gray filled dot) using a laser pointer from behind the screen. The participant was unable to see the experimenter or the location of the reach targets except when illuminated by the laser pointer because of the bright lighting in front of the front of the screen. The participant was asked to reach to the target when it was illuminated while continuing to maintain fixation during the entire reach. The reach target was automatically extinguished as soon as the participant released the start trigger through the use of a custom-made switch connecting the laser pointer to the start trigger. There were no time limits for either the onset or the duration of the reach. Any trials during which the participant moved the eyes were repeated at the end of a block.

For the saccade left to right session (Figure 2C), participants were asked to make an eye movement from the left to the right fixation dot after the target was illuminated. The target was illuminated only after the participants were fixating on the left fixation dot. For the patient, due to her quadrantanopia, the target in the lower visual field would no longer be visible once she made the saccade, i.e., after the saccade the target would be in her blind field. However, for the controls the target would remain visible. Therefore, to make the task comparable, we modified the task for the controls as follows; each trial began with the illumination of the target for ~1 s while the participant was fixating on the left fixation dot. This time was approximately equivalent to the time that the patient took before making an eye movement after illumination of the target. The target was then extinguished, which signaled the control participants to make the saccade to the right before reaching. In this way, the target would also only be visible during left fixation and no longer visible during right fixation just as it was for the patient.

DATA ANALYSIS

The patient performed 7 trials for all conditions. For the left fixation condition, she reached to all 8 target locations. For the right fixation condition, she only reached to the upper 4 targets as the lower 4 were not visible due to her quadrantanopia. For the left-to-right saccade session, she only reached to the 4 lower targets, as these would be visible during left fixation and then disappear after the eye movement when she was fixating on the right fixation.

The controls performed 5 trials each for all 8 targets for all three sessions, fewer than the patient because we expected healthy neurologically intact participants to be less variable in their endpoint reaches, which was indeed the case (overall horizontal SD for controls = 2.21°−4.09°; patient = 8.33°).

Reach endpoints were determined as the point at which the finger touched the screen, i.e., the point at which movement velocity was 0, recorded as x, y, and z position in mm. In addition, at the end of the experiment each subject was asked to carefully align their fingertip to each target position (the laser pointer remained illuminated) and we used these positions as target positions for each subject. Using distance of the eyes from the screen (30 cm), these values were converted into degrees relative to screen center. Horizontal reach errors were calculated as the difference in visual degrees between the reach endpoint and the relevant target location. We measured horizontal reach errors because it is along the horizontal axis that we predict changes in endpoints, given that the fixation points varied from left to right. Based on previous studies showing an eye-centered representation of targets for reaching (e.g., Henriques et al., 1998), we expect that reach errors should vary as a function of the change in eye movements within the same dimension i.e., horizontal. Mean horizontal reach errors were calculated across all 8 target locations for controls and for the patient in the left fixation condition, and across all 4 target locations for the patient in the right fixation and the left-to-right saccade condition. JG's reach errors were compared against the control group using modified t-tests (Crawford and Garthwaite, 2002). In addition, we used the revised Standardized Difference Test (rSDT test; Crawford et al., 2010) to compare whether the difference in two scores for the patient was significantly different from the difference for controls. These tests were designed specifically to assess whether a single patient's performance falls within the range of controls, using the control group's mean and standard deviation. The tests provide a robust comparison of a single data point against a small group of controls for single case studies.

RESULTS

FIXATION SESSIONS

In Figure 3 are plotted the mean reach endpoints (in deg) for the patient (Figure 3A) and a control subject (Figure 3B) for the fixation left (red lines), fixation right (blue), and the saccade left to right (green) sessions across the different target locations. As can be seen, when the patient was fixating on the left fixation dot, the patient slightly undershot the target, as did this control. Within the control group, 5 of the seven control subjects followed a similar pattern, where they undershot the target, i.e., reached between the target and the fixation position. The other 2 control subjects tended to overshoot the target, i.e., reached further away than the target relative to the fixation position. A typical control with this pattern is shown in Figure 3C.
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FIGURE 3. Mean reach endpoints. (A) Mean reach endpoints (in deg relative to screen center) for the patient's reaches for the left fixation (red), right fixation (blue), and saccade left-to-right (green) sessions. The 8 target locations are depicted by gray dots. The colored dots represent the mean endpoints for each of the conditions. They are joined by corresponding lines to their respective targets. (B) Mean reach endpoints for a typical control showing an undershoot pattern. (C) Mean reach endpoints for a typical control showing an overshoot pattern.



For left fixation, mean horizontal reach errors were not different for the patient from the controls [red lines: t(1) = 1.96, p > 0.05], thus the patient did not show any OA in the right visual field. In contrast, when JG was fixating on the right fixation dot, she made very large errors reaching toward fixation, as has been shown previously for OA (Ratcliff and Davies-Jones, 1972; Buxbaum and Coslett, 1997; Carey et al., 1997; Blangero et al., 2010). Consistent with this, she showed significantly greater mean reach errors compared to controls [blue lines: t(1) = 13.28, p < 0.01].

SACCADE LEFT-TO-RIGHT SESSION

When the patient made a saccade from the left fixation to the right, reach endpoints shifted and were no longer similar to those during left fixation, even though the patient had viewed the targets in the right visual field. Rather the patient undershot the targets relative to the right fixation location, in the same way as during the right fixation session (Figure 4A). Reach errors were significantly different from the left fixation session for the patient JG [t(58) = 6.34, p < 0.01] but not for the controls [repeated measures t-test, t(6) = 0.82, p > 0.05].
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FIGURE 4. Mean error and change in error. (A) Mean horizontal error in degrees for the three sessions for the patient (open bars) and the controls (gray bars). The error bars for the patient are s.e.m. across trials, while those for the controls are s.e.m across controls. The * denotes significance at p < 0.05 across conditions for the patient. (B) Regression on mean change in errors. The mean change in error from left fixation to left-to-right saccade is plotted against mean change in error from left fixation to right fixation for controls (gray circles) and the patient (open black circle). The solid gray line is the line of best fit fitted to the control data. The regression equation is shown in the figure. The dotted diagonal line depicts the line of unity.



For JG, we found that although the direction of the reach errors were qualitatively the same as during the right fixation, i.e., both undershooting relative to fixation, the reach errors were smaller than those during right fixation [left fixation = −4.12°, right fixation = 14.97°, left to right saccade = 3.54°; t(54) = 6.6, p < 0.01, Figures 3A, 4A]. Similarly, controls' reach errors for the left-to-right saccade condition (−0.58°) were intermediate between the left (−1.12°) and right (0.66°) fixation, however they were not significantly different from right fixation [t(6) = 1.47, p > 0.05]. We tested whether the difference in horizontal errors from left fixation to left-to-right saccade for the patient was similar to the controls and found a significantly greater difference for the patient than for the controls [patient = 7.65, controls = 0.54; rSDT test = t(6) = 3.31, p < 0.01].

Since the patient showed greater errors overall, the greater difference can be expected and does not clarify whether the patient updated target locations the way the control subjects did. In other words, did the reach errors change in a similar way for the patient and the controls from left fixation when they made an eye movement from the left to the right fixation before reaching, i.e., intermediate between the two? To determine this, we plotted the change from left fixation to left-to-right saccade against the change from left fixation to right fixation for all subjects (Figure 4B). We then fitted a linear regression line to the control data (gray dots). The linear fit can be seen in the graph and represents the amount of updating taking place during the left-to-right saccade condition. If the location of the target was completely updated, the subject would point with the same amount of change as that from the left to the right fixation condition and so the data points should lie on the line of unity (dotted line), with a slope of 1. On the other hand, if there was no updating, the subjects would point the same as if they were fixating on the left, i.e., equal to no change from left fixation, and therefore there should be a slope of 0. Control subjects showed a slope of 0.31, suggesting that targets were partially updated across the eye movement. Importantly, as can be seen, the patient's data point also lies close to this slope, suggesting that she updated the targets in a similar way as the controls.

DISCUSSION

Here we took the opportunity to test a patient (JG) with unilateral optic ataxia associated with a visual scotoma in order to evaluate whether optic ataxia can be revealed in the blind field using an eye-dynamic paradigm based on saccadic visual updating (Khan et al., 2005a,b).

During the right fixation session, JG reached to the targets with a large error directed toward the fixation position. This is reminiscent of magnetic misreaching deficits previously shown, where patients have difficulties reaching away from the location of their current gaze. At extreme cases, patients reach toward their fixation location regardless of target position (Carey et al., 1997), however even for less extreme cases, there appears to be a consistent bias for errors in the direction of fixation (Buxbaum and Coslett, 1997; Blangero et al., 2010). It is interesting to note that there is a general trend to undershoot the target in the direction of gaze when patients (and controls) reach toward targets in lighted conditions, however in complete darkness, both groups tend to show the opposite pattern, i.e., they tend to overshoot the target away from fixation (Henriques et al., 1998; Khan et al., 2005a,b). It has been suggested that these differences might arise from whether or not participants have visual feedback of their hand before and during the reach (Dessing et al., 2012). For OA, visual feedback of their hand may bias their movements toward the fixation location to a greater degree than healthy participants.

For the left-to-right saccade session, JG did not reach with the same errors as she did during the right fixation session; although she consistently undershot the targets in the direction of fixation, she had smaller errors than in the right fixation session. Our previous study on unilateral OA patients also showed a similar but imperfect match between the magnitude of errors in the saccade and fixation conditions, where one patient reached with smaller errors and one with greater errors in the former compared to the latter condition (Khan et al., 2005a). Thus, the difference in errors could be because of imperfect updating mechanisms, due to her damage to more occipital areas, similar to bilateral OA who also showed delayed updating (Khan et al., 2005b). However, the magnitude of change in the saccade left-to right condition was similar between the controls and JG, suggesting that the underlying processes leading to the reach errors were similar. One explanation could be that because participants were reaching in lighted conditions, the presence of light may have provided some kind of allocentric reference frames against which to determine the target locations. In accordance, it could be that egocentric updating mechanisms play less of a role during lighted conditions.

Nevertheless, for patients with hemianopia both the target and allocentric cues might disappear during oculomotor exploration when they lie in the blind field. Our eyes move constantly to explore our visual environment. Objects therefore may lie in one visual field at one time and then in the opposite visual field during ongoing ocular exploration. In healthy subjects, because objects often remain static in the environment, they can use both current visual information (ego and allocentric) as well as internally updated information to locate the object (Vaziri et al., 2006). In contrast, in patients with hemianopia, ongoing ocular exploration will make objects disappear from conscious vision, therefore they have to rely more on updating mechanisms, which may result in more imprecise localizations. If they have intact visuo-motor and remapping processes they are nevertheless able to reasonably keep track of the presence and location of objects in order to interact with the environment. However, hemianopia combined with Bálint's syndrome may result in large consequences on daily activities. Indeed, they will have to deal with the additive effects of inaccurate action guidance toward visual targets as well as imprecision in localizing these targets or even obstacles with respect to the body and the environment. Therefore, it is important to diagnose Bálint's syndrome in the presence of hemianopia.

In addition, it is of considerable interest to understand what becomes of visual information viewed in the intact visual field when it is remapped into the blind field and how well it is used for higher-level transformations such as for reaching. Previous studies have suggested that updating is an important mechanism for hemianopia (Martin et al., 2007; Ritchie et al., 2012) and is possibly used to maintain visual stability for perception (Pisella and Mattingley, 2004) as well as to guide eye and hand movements. Here we show that targets are updated and used for reaching within the blind field in a very similar way as in the healthy brain.

In summary, the patient showed reach patterns consistent with optic ataxia in the quadranopic visual field by reaching to updated internal target representations. Based on these results, we suggest that this updating paradigm might be used to test patients with hemianopia for the presence of optic ataxia, a diagnosis that is otherwise not possible.
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Optic ataxia is a neuropsychological disorder that affects the ability to interact with objects presented in the visual modality following either unilateral or bilateral lesions of the posterior parietal cortex (PPC). Patients with optic ataxia fail to reach accurately for objects, particularly when they are presented in peripheral vision. The present review will focus on a series of experiments performed on patient M.H. Following a lesion restricted largely to the left PPC, he developed mis-reaching behavior when using his contralesional right arm for movements directed toward the contralesional (right) visual half-field. Given the clear-cut specificity of this patient's deficit, whereby reaching actions are essentially spared when executed toward his ipsilateral space or when using his left arm, M.H. provides a valuable “experiment of nature” for investigating the role of the PPC in performing different visually guided actions. In order to address this, we used kinematic measurement techniques to investigate M.H.'s reaching and grasping behavior in various tasks. Our experiments support the idea that optic ataxia is highly function-specific: it affects a specific sub-category of visually guided actions (reaching but not grasping), regardless of their specific end goal (both reaching toward an object and reaching to avoid an obstacle); and finally, is independent of the limb used to perform the action (whether the arm or the leg). Critically, these results are congruent with recent functional MRI experiments in neurologically intact subjects which suggest that the PPC is organized in a function-specific, rather than effector-specific, manner with different sub-portions of its mantle devoted to guiding actions according to their specific end-goal (reaching, grasping, or looking), rather than according to the effector used to perform them (leg, arm, hand, or eyes).
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BACKGROUND

INTRODUCTION

The defining description of optic ataxia was given by Balint (1909; see Harvey, 2005 for English translation) in his pioneering case report of a patient with extensive bilateral damage to the posterior parietal lobe (PPC). Bálint's patient had great difficulty in reaching out to take hold of objects under visual guidance: yet this was not due to a global visual difficulty, since he only reached inaccurately when he used his right arm. Presumably, therefore, the necessary visuospatial information must have been processed, to be able to guide his successful left arm. In addition, Bálint's patient could touch named parts of his own body quite accurately even with his right hand, showing that his difficulties were not simply of motor origin. Bálint accordingly concluded that the disorder must be truly visuomotor in nature, and he coined the term “optic ataxia” (optische Ataxie) to convey this insight. It is important to note here that Bálint's recognition of the visuomotor nature of optic ataxia (hereinafter referred as OA) was crucially dependent on the happenstance that his patient suffered from the disorder unilaterally, despite his bilateral brain damage. Had his patient suffered from reaching difficulties in both arms, like the recently much tested patient I.G. (Pisella et al., 2000) then Bálint might well have concluded that the disorder was a purely perceptual one, as Gordon Holmes did very influentially (Holmes, 1918; Holmes and Horrax, 1919), and as present-day scientists still sometimes do on the basis of patients with bilateral optic ataxia (Pisella et al., 2009).

Individual patients who present an internal behavioral dissociation (for example between left and right arms, as in this instance) provide an unrivalled opportunity to tease out the underlying nature of neuropsychological disorders, and we will argue that this is well exemplified in the patient M.H., whom we will be describing in this article. M.H. has an asymmetrical pattern of optic ataxia, such that his reaching is severely impaired only when he uses his right arm, and only when he does so to reach for targets in the right visual half-field.

During the 1980s, it became apparent that patients with optic ataxia frequently not only have difficulties with the guidance of actions within visual space, but also with accurately pre-forming their grip size when reaching to pick up objects of different sizes (Jeannerod, 1986a; Jakobson et al., 1991; Jeannerod et al., 1994). This difficulty had been prefigured by early reports that bilateral parietal-lobe lesions in monkeys caused difficulties in grasping objects. Thus, Ferrier (1886) observed that one such monkey “always exhibited some uncertainty or want of precision in its endeavours to seize things offered it, or to pick up minute articles of food from the floor, such as currants or grains of corn” (p. 282), and Ferrier (1890) reported in a similar monkey that “vision gradually improved, but continued to be very imperfect, especially for minute objects, which it rarely, if ever, seized quite precisely; groping at them with the whole hand, and reaching short, or over, or to the side” (p. 57).

In closely related work, it was reported that human optic ataxia was typically accompanied by gross errors in guiding the orientation of the wrist. This was first shown by asking patients to extricate a small object lodged in a groove that was presented at different angles from trial to trial (Tzavaras and Masure, 1976), and later by asking similar patients to pass their hand through a large oriented slot (Perenin and Vighetto, 1988). Yet control studies showed that the visual perception of size (Jeannerod et al., 1994), as well as of location and orientation (Perenin and Vighetto, 1988) can remain largely intact in these same patients. Thus the typical patient with optic ataxia following damage to PPC may have a broad range of visuomotor deficits, although the definition and diagnosis of optic ataxia, following Bálint, remains restricted to failures of visually guided reaching only.

An opposite pattern of visual difficulties was reported by Milner et al. (1991) in a patient suffering from a remarkably pure form of the condition known as visual form agnosia (Benson and Greenber, 1969). This patient (D.F.) has a profound difficulty in perceiving and discriminating simple shapes, or even their size or orientation, like previously-described cases of this disorder (reviewed by Heider, 2000). Yet D.F. is unimpaired in simple tasks of visuomotor control: she is indistinguishable from normal control subjects in her ability to orient her wrist when reaching to pass her hand, or post a hand-held plaque, through a slot placed at different orientations (Goodale et al., 1991; Milner et al., 1991). Similarly she is perfectly normal in tailoring her grip size during reaching movements to grasp blocks of different sizes (Goodale et al., 1991). Yet her ability to report the orientation or size of the very same target objects (whether verbally or even manually) was close to zero (Goodale et al., 1991; Milner et al., 1991). We now know from structural and functional MRI studies that DF has bilateral damage in the anterior occipital region that corresponds to the lateral occipital (LO) area in healthy subjects (James et al., 2003). This area is defined as the region that is differentially activated by viewing pictures of whole objects as opposed to fragmented versions of those same images (Malach et al., 1995; Kanwisher et al., 1997). This area within the ventral stream constitutes a pivotal hub in the perceptual analysis of objects, accounting readily for DF's visual form agnosia. Essentially her brain, lacking a functioning area LO, is no longer able to distinguish whole objects from fragmented ones.

According to the functional model of Milner and Goodale (1995, 2006), the primate brain has two somewhat distinct visual systems operating in parallel within it. One system (the so-called “ventral stream”) provides the visual contents of our perceptual experience, and codes information in an abstract form suitable for storage and for deploying in cognitive processes like imagining, recognizing, and planning. The other system (the so-called “dorsal stream”) serves the much more immediate function of guiding our actions visually from moment to moment, and therefore needs to code information in a quick, ephemeral and view-specific form. Its contents are probably not normally accessible for cognitive elaboration or conscious monitoring (Milner, 2012).

Milner and Goodale linked the two functional systems to the anatomical partition of cortical visual areas in the primate brain described by Ungerleider and Mishkin (1982). A major clue to the functional significance of this anatomically divided visual system was given in the same year by Glickstein and May (1982), who contrasted the output connections of different cortical visual areas. They reported that several dorsal visual areas send profuse downstream neuronal projections to the superior colliculus and to motor nuclei in the pons, while none of the ventral visual areas do this. These brainstem target structures in turn supply visual information to the cerebellum (the superior colliculus doing so via the pontine nuclei). Glickstein and May concluded that “The behavioral, anatomical, and physiological evidence suggests that the parietal lobe visual areas are especially concerned with the visual guidance of movement” (p. 136). It is these parietal visual areas, which together constitute the dorsal stream, that are damaged in patients with optic ataxia—and we believe that the systematic study of such patients can provide a valuable window into the workings of this system.

GOAL OF THE PRESENT REVIEW

The overarching goal of the present review is to highlight the role played by the neuropsychological syndrome of optic ataxia in understanding the functional organization of the posterior parietal cortex (PPC). The PPC is a crucial brain structure positioned between major sensory cortices: visual cortex posteriorly and somatosensory and motor cortices anteriorly. As such, the PPC is well placed to play a critical role in the integration of sensory and motor information in the control of bodily actions. Specifically, we now know from functional neuroimaging that sub-portions of the PPC carry the visual processing necessary for the guidance of actions such as reaching, grasping and saccadic eye movements (see review by Culham et al., 2006 and section Evidence from Neuroimaging below). For example, while the more anterior portion of the intraparietal sulcus (IPS), is thought to extract visual information such as shape and size for the purpose of shaping the hands for grasping (area aIPS, highlighted in green in Figure 1), an area located posteriorly and medial to the IPS (highlighted in red in Figure 1) is thought to extract visual information for the purpose of guiding reaching through space. Finally, a portion of the PPC that is located between these two structures (highlighted in blue in Figure 1), is known to be involved in extracting the visual information necessary for guiding eye movements. Both the eye movement area and the reaching area sit medially to the IPS (mIPS). Patients with optic ataxia can provide an invaluable lesion model for understanding the nature of these systems, since different patients have different patterns of damage within the PPC, which give rise to different patterns of visuomotor deficits (see Milner and Goodale, 2006, chapter 4).
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FIGURE 1. Schematic representation of the anatomical and functional organization of the posterior parietal cortex. An axial (horizontal) slice through the brain of a healthy individual has been chosen to depict the major sulcus within the posterior parietal cortex, the intraparietal sulcus (IPS—outlined by the use of a black line). Functional areas selective for grasping (depicted in green), reaching (depicted in red) and eye movements (depicted in light blue) have been superimposed. aIPS, anterior IPS; mIPS, medial IPS.



Following a lesion largely restricted to the left PPC, our patient M.H. developed a very characteristic pattern of optic ataxia. Specifically, he exhibited gross errors when reaching for a target when using his contralesional right arm, while making movements directed toward the contralesional (right) visual half-field. Given the clear-cut specificity of his deficit, whereby reaching actions are relatively spared when executed toward his ipsilateral space or when using his left arm, M.H. provides a valuable “experiment of nature” for investigating the role of the PPC. While optic ataxia is strictly defined as a disorder of reaching toward targets, its associated deficits can be studied in M.H. by examining his performance of other actions with the left and right effectors with respect to visual stimuli located in left and right halves of space. The present review will describe recent data collected in various behavioral studies using kinematic measures to record the hand, arm, and leg movements of patient M.H. (Rice et al., 2008; Cavina-Pratesi et al., 2010a; Evans et al., 2013). These results have been central to our putting forward a new hypothesis about the fundamental organizational principle within the PPC.

CASE STUDIES WITH PATIENT M.H.

CASE HISTORY

M.H. was found unconscious in the middle of the night after suffering an anoxic incident in 1995. At the time he was 42 years old and worked as a garage manager. He was diagnosed with right-side muscle weakness and raised sensory thresholds on the right side of the body. The neurological examination did not reveal any other notable problem. From anecdotal reports we know that although M.H. had no difficulty in walking or in using his arms, he did struggle in some everyday life activities. For example, he was unable to dress himself fully, particularly to fasten a necktie or shoelaces, or to put on his socks. In addition, he could not always place his mug on the table without tipping it over, and he had difficulties in walking up or downstairs without support. Despite a small improvement over the years, these problems are still present now. They have, not surprisingly, caused distress for M.H., given that as a bricklayer, a welder, and a chef he always had very good visuomotor coordination.

Later clinical assessment found evidence of right-sided extinction (Kitadono and Humphreys, 2007), mild unilateral neglect (Humphreys and Heinke, 1998; Snow et al., 2013), and impairments in spatial perception (Riddoch et al., 2004), conditions known to be often associated with PPC damage in humans. Symptoms of mis-reaching under visual guidance were first recorded during a general neuropsychological examination in which it was noted that when M.H. was asked to fixate the examiner's nose, he failed in his attempts to touch the examiner's ear. Importantly for a diagnosis of optic ataxia, he was perfectly able to point accurately to his own ear with each hand upon request [described in Kitadono and Humphreys (2007)]. Informal testing of reaching actions toward visual stimuli recorded spatial errors up to 7° when performed with the right hand toward the right side of space (Kitadono and Humphreys, 2007).

One of the first attempts to properly quantify his visuomotor behavior was performed by asking M.H. to “post” a tablet into an oriented slot (cf. Perenin and Vighetto, 1988; Milner et al., 1991). M.H. did not perform well, and even made posting errors at the mirror image orientation to the orientation of the slot. He would then use tactile contact with the slot to reorient the tablet to get the correct orientation. His actions were particularly slow when performed using the right hand (Riddoch et al., 2004). It became apparent over time that M.H. had developed an asymmetric pattern of reaching impairment in which performance was affected for stimuli presented in the right hemi-field when he was asked to use his right hand only (see Rice et al., 2008—Experiment 1). Somatosensory performance was assessed more recently (see Cavina-Pratesi et al., 2010a) using the Rivermead Assessment tests (Winward et al., 2000). M.H. scored correctly at ceiling when discriminating surface pressure on both his hands and face (used as control). His two-point discrimination on each hand was 4 mm (test 5), again within the control range. M.H. had a grating resolution threshold of 2 mm (fair, relative to a group of older controls, in Manning and Tremblay, 2006), for both hands, on a task requiring him to decide whether a grating went along or across his finger (the threshold = minimum width to make 75% discriminations). M.H. was also able to discriminate the 2.83 filament (normal) on his ipsi- and contralesional fingers on the Semmes-Weinstein monofilament test (Bell, 1984). These data are important has they indicate that there was no major somatosensory loss in either hand.

Several MRI scans performed over the years have revealed cortical atrophy of the frontal and parietal cortices (more pronounced in the left hemisphere) and subcortical atrophy bilaterally in the lentiform nucleus and in the claustrum. A large lesion is present in and surrounding the left IPS with some extension onto the medial aspects and in the inferior parietal lobule in line with current lesion overlap studies (Karnath and Perenin, 2005). It is important to emphasize that although there are adjacent regions of atrophy, right and left motor cortices appear to be intact. The occipital lobes are also unaffected (see Figure 2 for details).
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FIGURE 2. Patient M.H.: axial brain slices. Key areas of M.H.'s brain have been highlighted according to whether the tissue has been either affected (triangles) or left unaffected (circles) by the anoxic accident. The position of each axial slice is shown by reference to a sagittal view of M.H. brain. Areas affected by the lesion include the left PPC (1, 2), and subcortical structures (7–10). Key sensorimotor and visual areas that have been spared by the lesions include bilateral post central (3, 5), central gyri (4, 6) bilateral striate (12, 13) and extrastriate visual cortices (11, 14).



In all the experiments that are described in this review, M.H. was tested at the University of Birmingham. Informed consent was obtained prior to testing. Durham University's Department of Psychology ethics advisory subcommittee approved all of the projects.

OA AFFECTS A SPECIFIC SUB-CATEGORY OF VISUALLY GUIDED ACTIONS (REACHING BUT NOT GRASPING)

Early descriptions of optic ataxia provided a picture of a syndrome in which patients exhibit gross errors in reaching toward a target (particularly when located in the peripheral visual field) and in pre-shaping their hand accurately in the attempt to pick it up. While reaching movements were described as failed attempts to contact the object at its correct location, with the arm transporting the hand toward the wrong location, grasping movements in OA are typified by opening the whole hand to its maximum extent instead of pre-shaping the index finger and thumb in-flight to only the extent necessary to grasp the object. In other words the normal pre-calibration of grip size in advance of contact with an object is typically lost in patients with optic ataxia: they open their hands widely and indiscriminately, without regard for the size of the target object. As mentioned in the Introduction, grasping impairments have been associated with optic ataxia since the earliest reports of misreaching following parietal damage, in both monkeys and humans (La Motte and Acuna, 1978; Damasio and Benton, 1979; Faugier-Grimaud et al., 1985; Ferrier, 1886, 1890; Jeannerod, 1986b; Perenin and Vighetto, 1988).

Yet an obligatory co-impairment of reaching and grasping does not fit with the classic model proposed by Jeannerod 30 years ago, in which he argued that the mechanisms involved in a standard reach-to-grasp action can be partitioned into quasi-independent and separate visuomotor parts (Jeannerod, 1981). In an action such as picking up a mobile phone from a nearby table, Jeannerod proposed that the action of moving the arm to bring the hand to the object (the “transport” component), is principally influenced by visual information signaling the location of the object, whereas the concurrent anticipatory pre-shaping of the hand and fingers for grasping the phone (the “grip” component) is guided principally by the geometric properties of the object (shape and size). Although it is accepted that the two components must be somehow mutually co-ordinated, there is now extensive evidence that the transport and the grip components are each controlled online by dedicated visuomotor networks within the PPC, in association with linked systems in the premotor cortex (Jeannerod et al., 1995; Tanne-Gariepy et al., 2002; Castiello, 2005; Milner and Goodale, 2006; Castiello and Begliomini, 2008). How could we reconcile the observations of common impairments for reaching and grasping gathered in optic ataxia and the model proposed by Jeannerod (1981)?

Firstly, it is entirely reasonable to argue that in most of the patients (and monkeys) studied, the lesions were extensive enough to have compromised both “grasping” and “reaching” visuomotor modules. However, the question still arises as to whether or not an impairment in grip scaling in OA necessarily implies that the patient has damage to such a “grasping” module. Instead, OA, by virtue of causing inaccurate reaching, might inevitably result in a wide anticipatory hand opening, simply to reduce the margin of error when the patient is trying to locate an object (see Wing et al., 1986 for studies of healthy participants). To cast light onto this possibility we tested patient M.H. in a paradigm that enabled us to isolate grip calibration independently of any transport component (Cavina-Pratesi et al., 2010a). By manipulating the position of the target object either far from the hand (i.e., requiring arm transport) or close to the hand (i.e., not requiring arm transport), we compared M.H.'s degree of precision in grip scaling (see Figure 3A). The rationale was that a pure grasping impairment would affect hand grasping when executed both with and without arm transport. Briefly, in this study M.H. was asked to performed grasping actions using either his right or his left arm toward objects of two different sizes (big = 5 cm or small = 3 cm) that were presented either in the right or in the left visual hemi-field. So far the paradigm does not differ from previous ones. The novelty of the design is that within each hemi-field, the target objects could be located either far away from (but still within reach), or nearby, the grasping hand (depicted as near and far in Figures 3A,B). M.H.'s performance was tested in conditions of both fixation and free viewing.
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FIGURE 3. Schematic representation of the set-up used for testing reaching vs. grasping behavior, and the results obtained. (A) is a schematic representation of the set-up used by (Cavina-Pratesi et al., 2010a). The black cross depicts the fixation point and the white rectangles show the possible target locations (only one target at a time was presented) and the possible sizes of the objects to be grasped (“Big” and “Small”). Patient M.H. and age-matched controls were asked to grasp objects that could be located either close to the hand (i.e., did not require any arm reaching) or far from the hand (i.e., requiring arm reaching). Graph (B) summarizes the key results for both reaching (bar graph, below) and grasping (line graph, above). The bar graph depicts the reaching error as the distance between the target and the landing position (left y axis, from 0 to 50 mm) for the left and the right arm in conditions of either central fixation or free-viewing, for both M.H. (in black) and age-matched controls (in white). It should be noted that only outward reaching toward far objects were used in the graph (for further details please see the original article). The line graph depicts the distance between the index finger and thumb (maximum grip aperture—MGA, right y axis, from 80 to 140 mm) for grasping actions extended toward big and small objects by the left or right arm in conditions of fixation for both M.H. (in black) and age-matched controls (in white). Asterisks highlight significance differences between M.H. and controls. Errors bars depict standard deviations.



The results were clear. First, M.H. exhibited the classic pattern of OA errors during the fixation condition—gross mis-reaching when performing grasping actions using his right arm for objects presented in the right space only (see Figure 3B, data depicted using a bar graph). More importantly, these errors were present only when reaching for objects presented at the far distance. Second, and critically for present purposes, his grip calibration too was affected only when he grasped “far” objects located in right space; that is, when he executed actions with the inclusion of an arm transport (see Figure 3B, data depicted using a line graph). To be more precise, M.H. failed to calibrate his grip when reaching for objects located at the far distance within his right visual half-field, when using his right hand. In this field-hand condition he consistently opened his hand to a maximum extent without scaling for the size of the large and small objects. In contrast, the opening of his index finger and thumb (grip aperture) did faithfully reflect the size of the large and the small object for all of the three other conditions.

As in previous literature on optic ataxia, M.H.'s grip calibration failure perfectly correlates with his mis-reaching; they both appear when he reaches for far objects in his right half-field using his right hand only. Our critical finding was that M.H.'s right-handed grasping actions toward objects in the right half-field were well scaled when the action did not require any arm transport. Yet if the grip component of reaching-to-grasp movements were impaired in M.H. as a primary visuomotor deficit, then it should have manifested itself regardless of the presence or amplitude of the transport component (i.e., in both far and near conditions). That is, M.H. should have shown equally poor grip scaling with or without the inclusion of arm transport. Our evidence thus indicates that M.H.'s grasping impairment (i.e., his failure to scale his grip, and his tendency to grope for the object) is secondary to his reaching impairment. Presumably M.H., intentionally or unintentionally, compensates for the direction and distance errors resulting from his damaged visual reaching network, by habitually opening his hand widely: the wider the hand aperture, the higher the probability of successfully acquiring the object.

It could be argued that this compensatory hand opening strategy might result from the presence of degraded size information in M.H.'s peripheral visual field. Indeed “subclinical perceptual deficits in peripheral vision” have been advanced as a possible explanation for the reaching deficits observed in pure OA patients (Pisella et al., 2009). We can, however, exclude the presence of peripheral visual deficits for several reasons. First, when we tested M.H.'s ability to discriminate perceptually between the large and small objects used in the reach-to-grasp task his accuracy was very high (95% correct) and consistent across spatial locations (left, right, close, and far). Second, he did not show any deficits when asked to grasp the same objects positioned at the close location. Third, as Figure 3B demonstrates, the MGA for close objects within the impaired right hemifield did not vary between central fixation and free viewing. Finally, of course, the fact that there was no visuomotor deficit in this same retinal location when M.H. used his left hand provides conclusive internal evidence against any peripheral visual loss.

All in all, this experiment clearly confirms that extracting visual information from our environment for the purpose of visually guided actions is adversely affected in OA. More importantly however, it limits the deficit to a primary impairment in reaching. Clearly, hand shaping for the purpose of grasping the object comes into the picture as an ancillary problem in M.H. only as a secondary consequence of making inaccurate reaching movements.

OA AFFECTS THE VISUAL CONTROL OF REACHING BY NON-TARGETS AS WELL AS TARGETS

We have seen that M.H.'s optic ataxia manifests itself as a specific difficulty in calibrating reaching movements with respect to visual target locations in his peripheral visual field. The question arises, however, as to whether this difficulty is part of a more general problem in calibrating his reaches with respect to visual stimuli in general. For example, does M.H. have a parallel difficulty in taking into account the spatial locations of non-target visual stimuli as well as target stimuli? McIntosh et al. (2004) devised a task whereby subjects were asked to reach out between two potential obstacles, without any precisely defined target. As illustrated in Figure 4A, they merely had to touch a gray-colored strip at the back of the testing board, with no other constraint imposed other than a fixed starting point, 25 cm in front of the gray strip. The two potential obstacles consisted of two vertical rubber cylinders, each of which could appear in either of two slightly different locations. There was little danger of an actual collision with either of these cylinders, as they were always separated by at least 16 cm. Yet healthy subjects, and even patients with spatial neglect or visual form agnosia (McIntosh et al., 2004; Rice et al., 2006), have been found consistently to vary their line of their reach, slightly to the left or the right, according to the positions of these potential obstacles.
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FIGURE 4. Schematic representation of the set-up used for testing obstacle avoidance, and the results obtained. (A) is a schematic representation of the set-up used by Rice et al. (2008). The black cross depicts the fixation point and the white dot the starting position. M.H. and controls were asked to reach to the dark gray strip at the back of the platform, passing the hand between the obstacles (cylinders). Graph (B) summarizes the mean amount of change in trajectory resulting from changing the location of either obstacle: in striking contrast to controls, when M.H. reached using with his right arm his trajectories were completely unaffected by the location of the obstacle within the right half-field. Asterisks highlight significance differences between M.H. and controls.



In contrast, two patients with bilateral OA failed completely to make such automatic adjustments to their reach trajectories (Schindler et al., 2004). Both of these patients, though quite different in their age and co-symptomatology, continued to make essentially identical reaches, irrespective of the changing locations of the two potential obstacles. The analysis examined separately the degree of influence of the left cylinder and right cylinder on the patients' reach trajectories—neither cylinder had any influence on the reaches. The authors concluded that our unconscious responsiveness to potential obstacles is a specific function of the PPC, specifically of the dorsal stream, which was bilaterally damaged in both patients.

If the lack of obstacle avoidance behavior in these two patients is truly a part of the same disorder as the target-guided misreaching that is characteristic of OA, then we would predict that M.H. would show a very specific pattern of results. His reaches should show a lack of influence of the right-side cylinder only, and show this only while using his right arm. As Figure 4B shows, this bizarre pattern of behavior was precisely what we observed in our study (Rice et al., 2008). When M.H. used his left arm his reaches were significantly affected by both the left and right obstacle, whereas when he used his right arm, they were affected only by the left obstacle—he remained seemingly quite oblivious of variations in the location of the right-hand object.

Given the well-defined specificity of M.H.'s optic ataxia, it seems quite compelling to infer that these two disorders of visual reaching are part and parcel of a single common disorder, namely a general inability to calibrate reaches through space using visual information of any kind. Thus, it is plausible to suggest that we have a single control system for visual reaching in the normal PPC that has at least two complementary functions: not only to guide the hand toward the locations of visual targets, but also to guide the hand away from the locations of visual non-targets.

OA AFFECTS REACHING ACTIONS REGARDLESS OF THE EFFECTOR USED TO PERFORM THE ACTION

In the present review, all the experiments so far have focused on testing M.H.'s abilities in performing visually guided action using his upper limbs (his arms and hands) only. This reflects to some extent the history of research in the field of optic ataxia, with an abundance of data on arm reaching along with relatively few quantitative reports on hand grasping (Jeannerod, 1986b; Jakobson et al., 1991; Jeannerod et al., 1994; Cavina-Pratesi et al., 2010a) and wrist rotation (Perenin and Vighetto, 1988). It is not clear why other effectors such as the lower limbs and the eyes have not been tested more extensively. For example, clinical evidence of deficits in visually guided lower limb movements have been described before in patients with bilateral OA, including difficulties in pointing with the toe (Rondot et al., 1977), and in descending stairs (Michel and Henaff, 2004). Understanding whether or not other effectors besides the upper limbs are affected in OA is crucial not only for a better understanding of the deficit per se and for its rehabilitation, but also to better understand the functional organization of the PPC. Testing the ability of OA patients to reach with their legs and compare the results with their ability to reach with their arms is crucial for testing the idea that the PPC works in an “effector specific” manner. In fact, lack of evidence of effector specificity in the PPC could lead to drastic changes in the way we understand its functional organization.

To examine whether or not optic ataxia is effector specific, we tested patient M.H.'s ability to reach using his lower limbs. If OA is effector specific, we would predict that M.H. would exhibit a different pattern of reaching performance when using his lower limbs as compared to when he uses his upper ones. In our experiment, we asked M.H. to reach using either his left or his right leg toward targets presented either in the right or in the left visual field (Evans et al., 2013). The task was designed to resemble a natural everyday action, such as stepping down from a stair (as depicted in Figure 5A). As before, we tested M.H. in conditions of both free viewing and visual fixation. The results were clear-cut, with M.H. exhibiting gross errors in reaching toward targets in the right half-field (but not the left) only when using his right leg and in conditions of visual fixation. This pattern of results is depicted in Figure 5B, where the errors for leg reaching executed toward the left visual field have been subtracted from the errors performed when the reaching was executed toward the right visual field; the higher the value, the higher the relative error executed toward the right space. As shown in Figures 5B,C, his behavior was very similar to what we had previously found using his upper limb in Cavina-Pratesi et al. (2010a): in both studies the error was maximal when reaching were executed toward the right space using his right leg in condition of fixation only.


[image: image]

FIGURE 5. Schematic representation of the set-up used for testing reaching with the lower limb, and a comparison between the results obtained with lower vs. upper limbs. (A) is a schematic representations of the set-up used Evans et al. (2013). The black cross depicts the fixation point, the white rectangles show the possible target locations (only one target at a time was presented), and the dark gray rectangle indicates the edge of the step from which participants stepped down to make a “leg-reach.” Graph (B) represents the reaching error (the distance between the target and the landing position of the foot) for the left and right leg in conditions of fixation and free viewing, for both M.H. (in white) and age-matched controls (in black). Data have been plotted by subtracting the error in left space from the error in right space. (C) depicts the error for the upper limbs (arm) showed in graph 3b, by subtracting reaching errors made in the left visual field from errors made in the right visual field [this allows a direct comparison between the errors made with the leg in (B) and the arm in (C)]. Reaching errors executed in free viewing using the left hand are not depicted as data were not collected for that condition. For both graphs, the higher the value on the y axis, the greater the reaching error in the right half-field. Asterisks highlight significance differences between M.H. and controls.



The pattern of results shown with the right effectors clearly suggests a similar impairment in reaching with both the upper and the lower limbs and therefore these data argue against “effector specificity.” Of course one could argue that M.H.'s extensive lesion could affect, if present, two separate modules: one dedicated to reach with the arm and the other one dedicated to reach with the leg. M.H.'s lesion encompasses most of the cortex medial to the posterior portion of the IPS and as such, it could indeed affect the functioning of portions of the cortex associated with more than one effector (see Culham et al., 2006).

In summary, this experiment suggests that M.H.'s lesion to the left medial superior parietal cortex affects reaching behavior performed with both the right upper and right lower limbs toward targets presented in the right half-field, and thus goes against the effector specific argument for the functional organization of the PPC.

INTERPRETING M.H.'S RESULTS

Any conclusions reached from studies of OA have to be tempered by the fact that no two patients have an identical pattern of brain damage; therefore one can never generalize directly from one patient to another. This, however, can in some respects be a positive advantage in trying to understand how the different parts of PPC work together and separately. Given their mutual proximity (see Figure 1), the visuomotor systems within the dorsal stream in particular seem likely to be frequently co-compromised in one combination or another. It is clear that Bálint in his original description of optic ataxia, for example, was describing a patient with multiple deficits, including problems of saccadic eye movements (“psychic paralysis of gaze”) and the shifting of visual attention. However, not all patients with OA do have a problem making eye movements (e.g., Khan et al., 2009), even when their parietal damage is bilateral (e.g., Pisella et al., 2000; Michel and Henaff, 2004), nor even when they have demonstrable attentional difficulties (Michel and Henaff, 2004; Khan et al., 2009). The interesting question is what are the obligatory accompaniments of optic ataxia? Patient M.H.'s unusual pattern of OA provides a valuable experiment of nature that can help us to answer these questions.

The logic that we wish to use in our arguments here is based on the fact that patient M.H. presents a special case due to his unusual hand/hemi-field pattern of OA symptomatology. Although his brain damage is by no means pure, being of anoxic aetiology, his ability to reach accurately in space is remarkably well preserved in three out of four combinations: left field–left hand, left field–right hand, and right field–left hand. M.H. in other words, can act well as his own control in visuomotor studies. This allows us, for example, to argue that although he has been found to have certain attentional deficits (Kitadono and Humphreys, 2007; Snow et al., 2013) these cannot account for M.H.'s visuomotor deficits. For this, the attentional deficits would have to be shown to be highly selective; present only on the right side, but also only on the right side when M.H. is responding with his right hand. In actual fact, attentional deficits have been recorded mostly in M.H.'s left hemi-field (Snowden, 1992), further weakening any case that could be made. It is worth noting here also that M.H.'s attentional problems are only apparent when he is tested in a competitive attentional paradigm, such as the classical extinction paradigm. Most of the experiments described in the present review have tested M.H. with single stimuli as targets. The only exception is our study of obstacle avoidance (section OA Affects the Visual Control of Reaching by Non-targets as well as Targets above), but of course here again the pattern of deficit followed precisely the right hemifield–right hand pattern seen in M.H.'s target-directed reaching. Attentional problems could not easily have accounted for a deficit that was present when he used his right hand when reaching between potential obstacles, but that was absent when he used his left.

EVIDENCE FROM NEUROIMAGING

Up until now, this review has focused on the neuropsychological syndrome of OA and how this has contributed to our understanding of the role played by the PPC in visually guided action. Although the OA syndrome represents a vital tool for cognitive neuroscience, neuropsychology alone obviously cannot provide a comprehensive picture. In particular, pioneering studies using electrophysiology in alert non-human primates (NHPs) in the early seventies (and up until present day), along with functional magnetic resonance imaging (fMRI) and transcranial magnetic stimulation (TMS) experiments in more recent years have provided crucially important insights. We will now highlight how our findings from patient M.H. align with recent research on visuomotor control using neurophysiology, neuroimaging, and virtual lesion techniques.

For close to four decades, the “attention versus intention” debate has produced a wealth of single unit recording experiments in NHPs. These provide considerable support for the argument that the PPC is organized in a highly “effector-specific fashion” for movement planning (Mountcastle et al., 1975; Shibutani et al., 1984; Seal and Commenges, 1985; Andersen, 1987; Gnadt and Andersen, 1988; Andersen, 1989; Murata et al., 1996; Shadlen, 1996; Thier and Andersen, 1996; Snyder et al., 1997; Mazzoni, 2001; Calton et al., 2002). These studies, however, overwhelmingly deal with differences between “looking” (i.e., making saccadic eye movements) and reaching with the arm. It was in the non-human primate that the candidate areas for saccade and reaching specificity in the PPC were first localized—laterally and medially to the IPS, respectively (e.g., Snyder et al., 1997; Galletti et al., 2003). Whereas the eye movement area LIP is situated midway down the lateral bank of the IPS, the reaching areas are positioned medial to this landmark. Reaching-selective neurons have been found in several foci. One such area is situated immediately posterior to the somatosensory cortices and corresponds to parietal area 5 (Buneo et al., 2002). Another area is located at the very posterior end of the PPC, area V6A (Bosco et al., 2010; Galletti et al., 2010). A third area is located midway between parietal area 5 and V6A, and has been labeled the Parietal Reach Region (or PRR, for a review see Andersen and Cui, 2009). As such, the PRR includes portions of the medial intraparietal area (or MIP) and V6A. In agreement with these studies and with relevance to OA, inactivation of the PRR induces OA-like symptomatology in NHPs and critically, does not impair saccades (Hwang et al., 2012).

It is thus not surprising that there have been many more recent attempts to examine such eye vs. hand effector-specificity non-invasively within human PPC using fMRI. While some of these studies report clear-cut differences between the eye and arm akin to the NHP data (Astafiev et al., 2003; Connolly et al., 2003; Medendorp et al., 2005; Connolly et al., 2007; Filimon et al., 2009; Hinkley et al., 2009; Van Der Werf et al., 2010; Gallivan et al., 2011) others have not (Hagler et al., 2007; Levy et al., 2007). In the latter studies, there was “overlapping” eye and hand movement activation within the PPC. However, given that certain more recent studies also failed to find a difference initially (e.g., Gallivan et al., 2011), but then using highly modern analyses tools such as multi-voxel pattern analysis (MVPA) did report a difference, such null effects must be interpreted with caution and indeed represent the overwhelming minority of the above reports. At least in the opinion of the present authors and on the basis of the above body of studies, it is reasonable to assume that there are specific regions dedicated to planning eye or arm movements in both NHPs and in the human. Nevertheless, grasping an object with the hand reliably activates an area anterior and lateral to both the eye movement and arm reaching regions of the IPS in both NHPs (Sakata et al., 1992; Murata et al., 2000; Baumann et al., 2009; Nelissen and Vanduffel, 2011; Townsend et al., 2011) and humans (Culham et al., 2003; Frey et al., 2005; Begliomini et al., 2006, 2007; Cavina-Pratesi et al., 2007; Kroliczak et al., 2007). In addition, further evidence of grasping (vs. reaching) selectivity in aIPS comes from inactivation studies in monkey (Gallese et al., 1994) and TMS studies in humans (Davare et al., 2007; Rice et al., 2007). Grasping therefore provides us with evidence for functional localization of another “effector” within the visuomotor system of the PPC, along with the arm and the eye: namely the hand itself.

Improved knowledge of the organizational (or functional) boundaries within PPC in recent years has come from studies using “around the clock” topographic memory saccade mapping paradigms (e.g., Sereno et al., 2001; Schluppeck et al., 2005). Such paradigms represent a visuomotor analogue to visual retinotopy for defining functional borders within occipital cortex (for a review, see Wandell and Winawer, 2011). These studies have revealed the existence of several representations starting from the more posterior (IPS1) to the more anterior (IPS5) portions of the PPC (Konen and Kastner, 2008; Silver and Kastner, 2009). “Around the clock” topographic saccade mapping paradigms are now considered the optimal tool with which to define early functional borders objectively within the PPC in the human. In human PPC, areas associated with programming and executing eye movements (the parietal eye fields, Connolly et al., 2000, 2005, 2007; Curtis and Connolly, 2008), programming and executing reaching movements (for a review, see Filimon, 2010), and topographic areas IPS1–IPS5 (Schluppeck et al., 2005; for review, Silver and Kastner, 2009), are all located medial to the IPS. Regardless of its specific internal subdivision, it has been suggested by others that the human superior parietal lobule (the cortex positioned medial to the IPS) may be homologous to the NHP inferior parietal lobule (Milner, 1996; Vesia and Crawford, 2012). However, it is still unclear how the functional areas associated with eye and arm movements are positioned with respect to the topographic areas IPS1–IPS5 in humans.

Although our behavioral results finding of a leg reaching impairment closely associated with an arm reaching deficit in patient M.H. are strongly suggestive, there is only one fMRI study (Heed et al., 2011a) that addresses the question of effector-specificity for leg vs. arm. This may be owing to the fact that movements of the leg have never been examined in NHPs (nor with TMS in humans for that matter). In Heed et al.'s fMRI study, “hand over eye movement” (or vice versa) activations were reported across different regions of the human PPC, akin to various previous fMRI reports already noted. However, hand and lower limb movements were also examined and these were found to be highly overlapping. This highly novel finding led the authors to argue that rather than being effector-specific (eyes, upper, and lower limbs), the PPC is instead function specific (saccades vs. limb transport toward a given area of space). Their results suggest that the PPC is not primarily organized for effector-specificity, but rather according to functional criteria that differ dramatically between the eyes and the limbs (arm and legs). Of course, while we physically touch the objects we reach for using the legs and the arms, the eyes never interact with their targets. Rather, saccades serve the process of “active” visual perception (Findlay and Gilchrist, 2003), whereas reaching serves grasping and manipulative actions rather than visual perception. Heed et al.'s fMRI results can certainly assist in explaining the close association between M.H.'s deficits in visually-guided leg reaching and arm reaching.

Akin to the NHP data, TMS studies provide incomplete insight into this same issue (Vesia et al., 2010; Vesia and Crawford, 2012). In the first study, the results provide support for the idea that different PPC regions have distinct roles in planning saccades and reaches in healthy humans, and this is highly consistent with NHP and fMRI data. The second study used TMS to suggest distinct neural substrates for the transport and grip formation components of reaching. Whereas the former did not test for disruption of leg movements—and is thus neither consistent nor inconsistent with our data from patient M.H., the latter study is certainly consistent with other data collected in M.H. [see section OA Affects a Specific Sub-category of Visually Guided Actions (Reaching but not Grasping)] that argues for differences in reaching vs. grasping (Cavina-Pratesi et al., 2010a). Those data add to the wealth of previous data that argue for a functional-anatomical distinction between reaching and grasping. Specifically, whereas the more anterior portions of the healthy PPC have long been associated with grasping behavior (Grafton et al., 1996) the more posterior parts of the PPC may be relatively more involved in the transport component, vis-à-vis the primate PRR/V6A. A fMRI study from Cavina-Pratesi et al. (2010b) demonstrated that while area aIPS—in the anterior portion of the PPC—is selective for grasping actions regardless of the presence of a transport component, more medial, and posterior aspects of the PPC were selective for transporting the arm. (This was true regardless of whether the subject was grasping or simply touching the object.)

CONCLUSION AND FUTURE DIRECTIONS

The primary aim of the present review was to attempt to understand how our recent OA research with patient M.H. might advance or contribute to models of how the PPC is functionally organized. Our results clearly show that patient M.H.'s impairments are restricted to the specific function of reaching, leaving his ability to grasp intact. To be specific, his visual grasping abilities remain unaffected except in circumstances that entail mis-reaching of the arm. This is a key result, insofar as for many years dual impairments of reaching and grasping have been thought to coexist within the standard definition of OA. This now appears not to be true, though of course this does not deny that a complete lesion of the dorsal stream would produce such a combined impairment. Indeed, whenever the lesion of a patient with OA includes the more anterior portion of the IPS, then we would expect a concomitant problem in grasping as well as reaching.

Another clue that brought us to think about “function” specificity in PPC was the fact that M.H.'s impairment in reaching remained regardless of the end goal of the action. For example, irrespective of whether M.H. was asked to reach for a target or to reach between a pair of potential obstacles (Rice et al., 2008), his performance was affected in a very similar manner. Just as his right hand would always land in the wrong position with respect to a target object located in right visual field, M.H. failed to take account of the locations of obstacles in his right hemispace only while using his right hand. This to say that M.H.'s inability to deal with targets was perfectly mirrored when he was asked to deal with non-targets (i.e., obstacles).

Finally, we found no evidence for effector specificity when we asked M.H. to perform reaching actions using his lower limbs as compared to his upper ones. When M.H. was asked to reach with his right leg toward targets presented in the right half-field, the magnitude of error was very similar to the same actions performed with the arm in previous experiments. While the dissociation previously found between hand grasping and arm reaching could leave open the question as to whether the PPC might work either in a “effector” or in a “function” specific manner (hand vs. arm or grasping vs. reaching), the lack of a difference in the pattern of reaching errors between the right arm (Cavina-Pratesi et al., 2010a) and the right leg (Evans et al., 2013) speaks for similar representations for reaching with both the upper and the lower limbs, and therefore for “function” specificity.

At this point we need to look outside neuropsychology and compare our results with those of other techniques. Examples of functional rather than effector specificity have come from neuroimaging studies that have shown a near perfect overlap in activations for reaching with the leg and reaching with the arm (Heed et al., 2011a), in stark contrast to activations related to eye movements. Activations for eye movements were found to be separated from both arm and leg reaching. Importantly, follow-up experiments from the same lab showed that the overlap in activation between reaching with the lower and the upper limbs is not the result of the well-known spatial resolution limits of fMRI, as more advanced adaptation designs (Heed et al., 2011b) and multivariate pattern analyses (Leone et al., 2011) could not distinguish between reaching with the arm vs. reaching with the leg in the PPC either. Interestingly, heed and co-workers (Heed et al., 2011a) found effector specificity in the frontal cortex, with activation for eye movements separated from activation for arm movements. This in turn was separated from activation for leg movements, suggesting that this region may indeed have an effector-specific organization. Collectively, however, emerging data from neuropsychology and neuroimaging support the notion that the PPC is organized in a function-specific manner, with separate portions devoted to extracting object information for guiding actions according to their specific end-goal of reaching, grasping and looking.

We can now see that although there has long been known to be “eye or hand” preference in the PPC, the leg was simply never tested. When this was tested with fMRI, the neural representations of the transport components of arm and leg reaching were found to be fully overlapping. Akin to electrophysiology, TMS studies also have yet to see whether there is “leg specificity,” or whether effective stimulation sites might simply coincide with effective arm reaching sites, as the fMRI results and M.H.'s data suggest. Based on the current evidence, although much work needs to be done, it has become apparent that “function-” rather than “effector-” specificity may be the overriding principle by which the PPC is functionally organized.

Although the present argument is supported by the converging evidence we have described, several new experiments suggest themselves for the near future. First, it will be important to test M.H. in the scanner while he performs grasping, reaching and eye movements. According to the present hypotheses we would expect normal activation in the anterior parietal cortex for grasping, but no or reduced activation for reaching (either with the arm or the leg) medially to the IPS in M.H.'s left hemisphere. Second, it will be of interest to test M.H. in two new obstacle avoidance tasks: first, one where he has to reach to grasp a target object in the proximity of a potential obstacle; and second, one in which he has to use his leg. In the first paradigm, when the obstacle lies just to the right during a right-arm reach by a healthy subject, there is a reliable reduction in the maximum grip aperture of the hand as it approaches the target (Mon-Williams et al., 2001; Rice et al., 2006, Experiment 1). It seems likely that this effect will depend critically on the integrity of the “grasp area” aIPS. Thus, we would predict that although M.H. shows his characteristic selective deficit when tested for obstacle avoidance in the McIntosh reaching paradigm (see section OA Affects the Visual Control of Reaching by Non-targets as well as Targets above), he should show uniformly intact avoidance behavior in this grasp paradigm. Such a dissociation would offer powerful support for our interpretations. Our second proposal will test M.H.'s ability to avoid obstacles using his legs. Our prediction must be that in a paradigm analogous to that developed by McIntosh et al. (2004), M.H. should show an impairment only when using his right foot, and only with respect to potential obstacles located on his right side. Such a finding would further support our hypothesis of function specificity.

Third, we hope to test additional patients with asymmetrical patterns of OA to examine the generalizability of M.H.'s results. Of course patients with the specialized pattern of unilateral OA that M.H. has are very rare and difficult to spot in the standard clinical setting. Indeed it is well known that OA patients in general do not overtly complain about their inability to reach using vision, presumably because they unwittingly compensate by gazing at the target before acting upon it.

However, other patients with unilateral parietal damage would be predicted to show the same degree of tight coupling between arm reaching, leg reaching, and obstacle avoidance as we have seen in M.H. For example, we predict that a patient who shows a “field effect” only (cf. Perenin and Vighetto, 1988) when performing reaches with either arm, will show the same field effect (only) in leg reaching and obstacle avoidance. Of course such a patient considered alone would not be as compelling as M.H., as their pattern of OA is much more common. Nonetheless the prediction needs to be tested on such patients if our conclusions are to be vindicated.

It will also be potentially interesting to test such new patients using the above-mentioned task of grasping in the presence of an obstacle, according to whether or not the patient has a true primary grasping deficit (e.g., due to concomitant damage to area aIPS) or not. This can be determined using the paradigm described in section OA Affects a Specific Sub-category of Visually Guided Actions (Reaching but not Grasping) above. We would predict that those patients who do have such a primary grasp deficit should show an obstacle avoidance impairment in both the reach and grasp paradigms, whereas those like M.H. who do not show a primary grasp deficit should show a deficit only in the reaching paradigm.

Of course we do not in this review wish to claim that these regions in the human dorsal stream are purely visuomotor in function. Indeed we know from numerous previous studies that somatosensory functions are well represented and indeed may share some degree of common sensorimotor mapping with the visual modality (e.g., Azanon et al., 2010). The relevance of these representations to optic ataxia per se, however, is currently unclear. For example, the fact that M.H. can re-orient a tablet to pass it through a slot presented at different orientations by relying on tactile contact (Riddoch et al., 2004) shows that he can use somatosensory cues to perform tasks that he cannot perform under visual guidance. A recent study has reported misreaching within the proprioceptive domain in two OA patients (Blangero et al., 2007), though of course this does not imply that proprioceptive loss is an integral component of optic ataxia per se, even in those two patients. Certainly it is difficult to see how such a loss could result in the kind of highly selective reaching disorder we see in M.H., whereby errors are confined to the right hand operating in right visual hemispace.

In conclusion, we believe that there is much of theoretical importance to be gained by testing patients with asymmetrical patterns of optic ataxia. They allow a much more analytic approach to be taken to questions of visuomotor control than can be taken with bilateral cases. But aside from the theoretical interest of our findings with M.H., we believe that they also speak to issues of practical relevance. For example, our technique for teasing apart deficits in reaching and grasping should be useful for researchers to use with future patients in visuomotor studies. Secondly, if we are right that the problem in descending stairs that patients with OA often complain of is due to “optic ataxia of the leg(s)” (section OA Affects Reaching Actions Regardless of the Effector Used to Perform the Action above), then clinicians could usefully take this into account when planning appropriate rehabilitation programmes.
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The parietal cortex is a critical interface for attention and integration of multiple sensory signals that can be used for the implementation of motor plans. Many neurons in this region exhibit strong attention-, reach-, grasp- or saccade-related activity. Here, we review human lesion studies supporting the critical role of the parietal cortex in saccade planning. Studies of patients with unilateral parietal damage and spatial neglect reveal characteristic spatially lateralized deficits of saccade programming when multiple stimuli compete for attention. However, these patients also show bilateral impairments of saccade initiation and control that are difficult to explain in the context of their lateralized deficits of visual attention. These findings are reminiscent of the deficits of oculomotor control observed in patients with Bálint's syndrome consecutive to bilateral parietal damage. We propose that some oculomotor deficits following parietal damage are compatible with a decisive role of the parietal cortex in saccade planning under conditions of sensory competition, while other deficits reflect disinhibition of low-level structures of the oculomotor network in the absence of top-down parietal modulation.
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INTRODUCTION

The parietal cortex is a region of convergence for multiple sensory inputs from the visual, auditory and somatosensory modality, and recurrent pathways to and from the premotor and lateral prefrontal cortex. A central part of its activity is dedicated to the orienting and maintenance of spatial attention and the generation and control of saccadic eye movements. Several parietal areas lying within the intraparietal sulcus (IPS) of the monkey brain show activity related to the planning and execution of saccades (Colby and Goldberg, 1999). Some of the neurons located in these areas signal the onset of a visual stimulus that has previously been defined as saccade target (Bushnell et al., 1981; Gottlieb et al., 2005). Others show visuomotor activity, which can be observed when a visual target appears, but the monkey is instructed to maintain fixation until a go-signal is presented (Colby and Duhamel, 1991). In this situation visuomotor neurons produce a rapid burst of spikes following the onset of the target, followed by a fast decrease and again a gradual increase of activity culminating with another burst prior to saccade initiation. In addition to visual and visuomotor activity, some parietal neurons are particularly responsive when the monkey is actively fixating a stimulus. Interestingly, most of these cells show enhanced activity for relevant as compared to irrelevant stimuli, but irrespective of the specific features of the stimulus (Bushnell et al., 1981; Constantinidis and Steinmetz, 2001) suggesting that these cells discriminate targets from distracters based on a feature-independent representation (Gottlieb, 2012).

Visual, visuomotor and fixation activity is predominant in area 7a (whose human homologue is probably the angular gyrus) and the lateral intraparietal area (LIP), whose homologue in humans has been termed the parietal eye field (PEF; Figure 1). Functional imaging studies have localized the PEF in the posterior IPS (Müri et al., 1996; Culham and Kanwisher, 2001; Pierrot-Deseilligny et al., 2004). This region is highly active when subjects execute saccadic eye movements, or when they shift their attention without shifting the gaze, making it difficult to distinguish between mechanisms involved in saccade planning and the orienting of attention (Corbetta et al., 1998; Perry and Zeki, 2000). In saccade tasks the PEF is activated together with the frontal eye field (FEF; see Grosbras et al., 2005 for a review of functional imaging studies), which is located in dorsal premotor cortex (Paus, 1996). Fronto-parietal connections between the posterior parietal and premotor/prefrontal cortex form a network that is involved in the filtering of sensory contents and the covert and overt guidance of spatial attention (Gottlieb, 2007; Corbetta et al., 2008; Ptak, 2012). The PEF and FEF both have direct and independent connections to the superior colliculus, which is the primary mesencephalic structure playing a crucial role in saccade initiation and the maintenance of fixation (Wurtz and Mohler, 1976; Munoz and Wurtz, 1992). The cortical saccade network is thus directly linked to mesencephalic centers that trigger the execution of saccades (Figure 1).
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FIGURE 1. A simplified scheme showing the main cortical regions and subcortical structures involved in the control of saccadic eye movements (DLPFC, dorsolateral prefrontal cortex; FEF, frontal eye field; PEF, parietal eye field; PPRF, paramedian pontine reticular formation; SC, superior colliculus).



The present paper discusses the effects of focal unilateral or bilateral parietal damage on saccade planning as determined by experimental studies using relatively simple saccade paradigms and investigations of eye movements during the exploration of complex visual scenes. The focus of this review is (a) to describe the effect of parietal damage on basic parameters affecting saccade timing and metrics, (b) to compare the impact of unilateral damage (leading to spatial neglect when the lesion affects the right hemisphere) with the effects of bilateral damage to the posterior parietal lobe (resulting in Bálint's syndrome), and (c) to relate the deficits of saccade programming following parietal damage to underlying dysfunctions of high-level cognitive functions or low-level oculomotor processes.

EXPERIMENTAL PARADIGMS FOR EYE MOVEMENT RESEARCH

Saccades are rapid eye movements that have a latency of 200–250 ms following the onset of a peripheral target (Ramat et al., 2007). Mechanisms of saccade planning are often investigated using basic paradigms in which participants execute saccades toward the visual periphery under different experimental conditions that favor voluntary, reflexive or memory-dependent processing (Findlay and Gilchrist, 2003; Müri and Nyffeler, 2008). Based on these studies, several models of saccade planning distinguish between processes involved in the computation of saccade amplitude (“where”-processes) and processes involved in the timing of saccades (“when”-processes; Findlay and Walker, 1999; Girard and Berthoz, 2005; Ramat et al., 2007). This distinction is justified by the observation that some experimental variables affect the timing of saccades without affecting their amplitude and vice versa. Thus, the offset of the central fixation stimulus 150–200 ms prior to the appearance of the peripheral target shortens saccade latencies by 20–30 ms as compared to when the fixation stimulus overlaps with the upcoming target. This phenomenon is known as the gap effect or fixation-offset effect (Saslow, 1967). The gap-effect has been related to inhibitory interactions between collicular fixation neurons and saccadic burst neurons, which show opposite activity during fixation and prior to a saccadic eye movement (Munoz and Wurtz, 1992, 1993; Dorris and Munoz, 1995; Gandhi and Keller, 1999).

A second factor that affects saccade latencies has been known as the remote distracter effect: a distracter stimulus presented in the visual field opposite the target increases saccade latencies (Walker et al., 1995, 1997). While the gap effect and the remote distracter effect influence temporal parameters without affecting saccade metrics, the opposite is seen in the global effect: a redundant stimulus presented in the same hemifield as the target leads to normal-latency saccades, but a modification of saccade amplitude because the saccade lands between the two stimuli (Findlay, 1982). A more complicated saccade paradigm is the antisaccade task, in which subjects are asked to make a saccade to the location opposite the upcoming target (Hallett, 1978). The antisaccade task measures the ability of participants to inhibit a reflexive saccade toward the visual target in favor of a voluntary saccade in the opposite direction (Munoz and Everling, 2004). Thus, this task opposes voluntary and reflexive processes involved in saccade planning, which makes it particularly interesting for the study of the neural correlates and cognitive mechanisms that modulate oculomotor responses.

Some of these experimental effects operate at relatively low levels in the oculomotor circuitry. This is particularly the case for the gap effect, which has been related to the activity of opponent neural mechanisms involved in fixation and the release of saccades in the superior colliculus (Dorris and Munoz, 1995). Similarly, the remote distracter effect can be explained by low-level inhibitory interactions between two competing neuronal populations activated by the target and the distracter in a collicular saliency map (Walker et al., 1997). Thus, it is possible to study basic parameters affecting saccade programming in the laboratory with specific experimental paradigms. However, these paradigms all use relatively simple visual displays composed of one or two stimuli on a homogenous background, which are generally not encountered in everyday life. Real-life situations frequently require the exploration of complex visual scenes in which the target is not known in advance and where subjects often produce long sequences of saccades (Henderson and Hollingworth, 1999; Tatler et al., 2011). Eye movements involved in the scanning of naturalistic scenes have been investigated in several recent studies involving patients with parietal damage, and the findings of these studies give important clues about the role of this brain region in saccade target selection in complex visual displays.

In this review we first examine findings of studies that tested patients with unilateral focal brain damage using basic saccade paradigms before discussing results obtained with more complex visual exploration tasks. We then evaluate findings from studies on patients with bilateral parietal damage.

IMPAIRMENTS OF SACCADE PROGRAMMING FOLLOWING UNILATERAL PARIETAL DAMAGE

EYE MOVEMENTS IN BASIC SACCADE PARADIGMS

In one of the first systematic studies examining the programming of saccades to targets shown in the left or right visual hemifield, Pierrot-Deseilligny et al. (1991) tested ten patients with circumscribed lesions to the PPC using a gap paradigm. Compared to healthy controls and patients with damage to prefrontal cortex or the FEF the parietal patients had markedly increased saccade latencies. Interestingly, while patients with left PPC damage only had increased latencies for contralateral (right) saccades, right PPC damage resulted in a bilateral latency increase. Braun et al. (1992) also found that patients with dorsal parietal damage had increased saccade latency. In addition, they also reported high latency variability and a significant reduction of the numbers of very fast saccades (so-called express saccades). Pierrot-Deseilligny et al. (1991) concluded from their findings that the PPC (and the PEF in particular) is crucially involved in the programming of reflexive saccades, which are generated upon appearance of sudden, unexpected visual stimuli. This conclusion is in agreement with more recent functional imaging and event-related potential studies of voluntary and reflexive saccades (Grosbras et al., 2005; Ptak et al., 2011). Furthermore, a study examining the effects of parieto-collicular disconnection on voluntary and reflexive saccades supports the importance of the parietal cortex in saccade programming to unpredictable targets. Gaymard et al. (2003) localized the direct pathway connecting the LIP with the superior colliculus in the monkey and found that it travelled through the posterior portion of the posterior limb of the internal capsule. They reported that the accuracy of saccades in patients with small infarcts to this region was affected only in spatially unpredictable conditions, in which saccadic responses are guided by external signals. In contrast, performance was normal when the target location was predictable and saccades were triggered voluntarily.

Unfortunately, these early anatomical studies do not inform us about the cognitive deficits that might be crucially associated with impaired saccade programming. The neuropsychological syndrome that has historically been associated with parietal damage is spatial neglect, a disorder characterized by unawareness of visual, auditory or tactile stimuli presented in space or to the body side contralateral to the brain damage (Vallar and Perani, 1986; Mort et al., 2003; Husain and Nachev, 2006; Golay et al., 2008). However, the majority of neglect patients have large lesions that cover substantial parts of the parietal, frontal and temporal lobes, and some studies found the region of greatest overlap outside the parietal cortex (Karnath et al., 2004) or in subcortical white matter (Doricchi and Tomaiuolo, 2003). The current interpretation is therefore that neglect results from damage or dysfunction of a fronto-parieto-temporal network, and that some neglect symptoms are associated with specific lesion foci within this network (Corbetta and Shulman, 2011; Chechlacz et al., 2012; Karnath and Rorden, 2012; Ptak, 2012). We have recently found that among several areas belonging to the cortical attention network, only the posterior intraparietal sulcus (the region where the PEF is located) was a critical predictor of distinct contralateral attention deficits in neglect (Ptak and Schnider, 2011), supporting a central role of the posterior parietal cortex in dynamic aspects of spatial attention (i.e., computation of attentional priority, attention shifting and disengagement; Vandenberghe et al., 2012). Unfortunately, the association between eye movement disorders and brain damage in patients with neglect has not been systematically evaluated in previous lesion studies (a notable exception being a study by Mannan et al., 2005 who found no association of ocular re-fixation behavior with specific cortical damage in neglect). Thus, though the link between neglect and parietal damage is a matter of debate, given the close anatomical and functional relationship between spatial attention and saccade programming, much of our review focuses on impairments of saccade planning in spatial neglect.

Neglect patients typically show a spontaneous ipsilateral deviation of the eyes which becomes even more evident when they actively explore their environment or search for an object (Karnath and Rorden, 2012). An early study of saccade performance in neglect (Girotti et al., 1983) showed that patients were unaware of contralesional targets in one quarter of all trials and consequently did not perform any eye movement in these trials. When they detected a contralesional target patients produced a staircase pattern of multiple hypometric long-latency saccades before their gaze reached the target. The increase of contralateral saccade latency was confirmed by later studies, though they did not specifically investigate the gap effect or remote distracter effect (Karnath et al., 1991; Behrmann et al., 2001). A first systematic study of neglect patients' eye movements in the gap and overlap task was performed by Walker and Findlay (1996). Out of their four neglect patients only two made left saccades, and both showed saccade latencies that were significantly increased in the overlap condition. However, these patients showed relatively slight neglect in classical neglect tests, and it is unclear to what extent their lesions affected the parietal lobe. In order to study systematically the effect of parietal neglect on saccades we measured saccade amplitude and latency of seven patients with moderate to severe left neglect in a task requiring the execution of saccades to targets at two different eccentricities in the left or right hemifield (Ptak et al., 2007). The target was either presented alone or simultaneously with a distracter appearing at fixation, in the same hemifield as the target or in the opposite hemifield. Thus, the paradigm allowed for quantifying the remote distracter effect when the distracter was presented in the opposite hemifield, the global effect when it was shown in the same hemifield as the target, and the gap/overlap effects when it appeared at fixation.

Compared to healthy controls and control patients with right-hemisphere lesions neglect patients had only slightly increased saccade latencies for contralesional targets when no distracter was present (Figure 2). However, the pattern of response changed when a distracter was added: distracters in the right hemifield strongly captured the gaze of neglect patients, resulting in up to 60% directional errors. The capture of gaze by ipsilesional distracters is a robust finding and has been observed in patients with post-acute neglect (Müri et al., 2009) as well as in clinically recovered neglect (Harvey et al., 2002; Olk et al., 2002; Pflugshaupt et al., 2004). More interestingly, in those trials where no directional error was made remote distracters did not increase contralesional saccade latencies of neglect patients more than of control participants. These results suggest that an ipsilesional distracter interferes at two different levels with saccade programming: it either interacts with processes involved in the selection of the saccade target (the where-process; eventually resulting in a directional error) or it delays the onset of the saccade once the correct target has been selected (when-process). The first type of interference appears to be pathologically increased in spatial neglect, while the second type is unaffected.
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FIGURE 2. Average latency of saccades (upper row) and manual reaction times (lower row) as a function of distracter location, shown separately for healthy controls, brain injured patients without neglect, and neglect patients. Positive numbers indicate distracter locations (in degrees) in the same hemifield as the target (for left targets distracters in the left hemifield are shown on the right side and distracters in the right hemifield on the left side of each graph). The straight horizontal lines show average latency/reaction time when no distracter was presented. Note the increase of saccade latency for neglect patients when the distracter was presented at fixation (position 0). Figure adapted from Ptak et al. (2007) by permission from Oxford University Press.



A further finding of our study relates to the effect of the distracter presented at fixation. Control participants showed an increase of saccadic latency of approximately 20% when the distracter appeared at fixation (overlap) compared to when there was no distracter (gap). In contrast, the increase averaged more than 60% in neglect patients, and this pathological latency increase was comparable for saccades directed to the left (impaired) or the right (intact) hemifield. A foveal distracter had no influence on performance when patients were asked to respond manually (by pressing a response button) upon detection of the peripheral target (Figure 2). Thus, this study shows that some characteristics of saccades in parietal neglect following right focal brain damage are unilateral (capture of gaze by ipsilesional distracters), whereas other features are bilateral (exaggerated overlap-effect). The latter finding is compatible with other observations of bilateral effects of unilateral parietal damage on saccades. Butler et al. (2006) reported a single patient with a small cortical lesion located at the temporo-parietal junction, who showed exaggerated capture of gaze by irrelevant abrupt-onset distracters, whether these appeared in the left or right hemifield. At the time of the study the patient had only slight left hemineglect. In another study Butler et al. (2009) tested the performance of 13 neglect patients in the antisaccade task. The patients produced a similarly high proportion of errors for antisaccades directed to the left (75% errors) as for antisaccades directed to the right hemifield (65% errors). The authors proposed that this pattern might reflect two different factors: according to their interpretation neglect patients fail to suppress saccades to right-sided targets due to their spatial attention bias. In contrast, for left-sided targets and antisaccades to the right hemifield, they proposed that patients failed to compute the inversed vector necessary for the specification of the spatial coordinates for the antisaccade because of a deficient coding of target location. Their interpretation implies a deficient where-process for the computation of target coordinates, which affects right-sided saccades only when a vector-inversion is required.

We recently identified an additional deficit in neglect that does not depend on the direction of the saccade. In many daily situations saccades must quickly be re-programmed in response to changing environmental conditions. When two stimuli are presented in fast sequence at different positions or when participants make a corrective saccade following a primary error saccade the latency of the second saccade is much shorter than the latency of the first saccade (Becker and Jürgens, 1979; McPeek et al., 2000). This finding indicates that the second saccade is planned during the execution of the first saccade or even before the first saccade begins. We examined in six neglect patients the latencies of primary saccades that had been directed erroneously to a distracter presented in the left or right hemifield, and of corrective saccades that subsequently re-directed gaze to the target (Ptak et al., 2010). Regarding the proportion of corrective saccades directed to the target in the opposite hemifield to the distracter, we observed the expected hemifield asymmetry in neglect patients. That is, patients made more corrective saccades to targets in the left hemifield than to targets in the right hemifield. However, when considering the latency of corrective saccades we found that while these were significantly shorter than the primary saccade in control participants, no such shortening of latency was observed in neglect patients, whether the saccade sequence involved a left-right or a right-left movement. This finding suggests a bilateral impairment of concurrent saccade programming in patients with left neglect. We related this finding to the impairment of neglect patients to detect the second of two stimuli presented in rapid succession (attentional blink), which has previously been observed even for stimuli presented at fixation (Husain et al., 1997). Concurrent saccade programming requires a selection of the correct stimulus by attention while the primary saccade is prepared. A prolonged attentional blink may thus delay visual analysis following detection of the primary saccade target and the second saccade will therefore be delayed until the secondary target has been selected by attention. Thus, the spatially non-lateralized increase of the attentional blink may explain the bilateral impairment of concurrent saccade programming.

EYE MOVEMENTS IN SCENE PERCEPTION

Oculomotor studies of scene perception generally measure sequences of saccades while participants explore graphical patterns or photographs of natural scenes. One early study examined how hemianopic and neglect patients explored simple patterns and found that the former explored the impaired (contralesional) side longer, while the latter directed their gaze more often to the ipsilesional side (Ishiai et al., 1987). The failure of neglect patients to explore the contralesional side does not depend on visual stimulation, as it is also observed when they explore their environment in the dark (Hornak, 1992; Karnath and Fetter, 1995).

Concerning the form of the horizontal distribution of fixations, Behrmann et al. (1997) reported in neglect patients a gradual decrease of fixation density from the right-most to the left-most location, supporting an orientational gradient account of neglect (Kinsbourne, 1993). However, this finding is an exception and appears to be due to the small display used in this study. Several other studies showed that the distribution is bell-shaped, though the median is significantly shifted ipsilesionally (Karnath et al., 1998; Müri et al., 2009; Ptak et al., 2009; Machner et al., 2012). Thus, the centre of the distribution (measured in terms of the point of maximal density of fixations) is located right of the centre of the body, but further to the right the fixation density decreases. An additional finding is that the amplitude of saccades during ocular exploration is smaller in neglect patients than healthy controls or control patients without neglect—irrespective of saccade direction (Ptak et al., 2009). This finding contrasts with the amplitude of saccades to isolated visual targets in simple saccade paradigms, which is comparable to controls for ipsilesional targets and hypometric for contralesional targets (see section Eye Movements in Basic Saccade Paradigms). One possibility to explain this discrepancy is that patients produce hypometric leftward saccades and normal rightward saccades in conditions that favor stimulus-driven processing, whereas when the task requires voluntary processing saccades are hypometric in all directions (Niemeier and Karnath, 2003). According to Niemeier and Karnath (2003) the reason for this pattern is that only during voluntary exploration are eye movements guided by the fundamental spatial bias underlying neglect. Alternatively, during free visual exploration the eye movements of neglect patients might be captured by irrelevant nearby perceptual details. This interpretation suggests that the local image characteristics guiding exploration are qualitatively different for neglect than control participants. We examined this prediction by measuring the local content of small image patches drawn around each fixation that was made by healthy participants, brain-injured patients without neglect and neglect patients while they freely explored images depicting natural scenes (Ptak et al., 2009). Previous studies have shown that healthy subjects preferentially look at image regions characterized by high local contrast (Reinagel and Zador, 1999; Parkhurst and Niebur, 2003) and edge content (Tatler et al., 2005). We therefore computed for each image patch the local intensity, chromatic contrast, luminance contrast and edge content and compared these to randomly chosen patches. The relation between feature content and the horizontal position of a fixated patch was mostly nonlinear, indicating that the content of image regions sampled by gaze either increased or decreased toward the edges of the display. Interestingly, neglect patients showed significant deviations from both control groups for luminance and edge content (Figure 3). Though the selection of image regions in the right hemifield was based on the same local features as in healthy participants, neglect patients looked preferentially to regions of high local luminance in the left hemifield. In parallel, the edge content of fixated areas gradually increased from left to right, showing that the gaze of neglect patients was biased toward local edge information in the right hemifield. Similarly, Ossandón et al. (2012) found that neglect patients directed their gaze to contralesional locations with higher feature content than healthy controls, whereby feature content was a compound measure of local luminance contrast, color contrast and edge content (Figure 3). In addition, a recent study using videos of real-world scenes revealed that saccades of neglect patients directed contralesionally landed on regions of increased dynamic contrast, a measure reflecting the intensity of local motion (Machner et al., 2012). Together, these findings show that only regions with increased local saliency (in terms of higher luminance or local motion) attract the gaze of neglect patients to the left of a visual scene. In addition, these patients are biased toward looking at regions of particularly high edge content in the right part of the scene, which is reminiscent of their tendency to orient attention toward local features (Delis et al., 1986).
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FIGURE 3. (A) Local image content as a function of the horizontal position of fixations, computed for patients with neglect (red line) and control patients (blue line). Note the strong deviation of luminance and edge content in the data of neglect patients as compared to control data (grey area: 99% confidence interval of healthy controls; adapted from Ptak et al., 2009). (B) Fixated image regions located on the left have greater low-level feature content than regions on the right for neglect patients but not for healthy controls (KLD refers to Kullback-Leibler Divergence, a measure of the difference between the distributions of low-level features in the image and fixated low-level features; adapted from Ossandón et al., 2012). With permission from Elsevier.



IMPAIRMENTS OF SACCADE PROGRAMMING FOLLOWING BILATERAL PARIETAL DAMAGE

Bilateral damage to the posterior parietal cortex leads to a severe constriction of attention to a single item (simultanagnosia), impaired control of intentional eye movements (oculomotor apraxia) and spatial errors in visually-guided reaching and pointing (optic ataxia), a combination of symptoms first described by Bálint (1909). Compared to investigations of patients with unilateral damage, studies measuring eye movements of patients with bilateral parietal damage are rare. One reason is the low probability of bilateral damage affecting both parietal lobes. The other reason is that the calibration of eye trackers requires the stable fixation of visual targets presented sequentially at different positions, and thus depends on the subjective judgment of the patient. However, the severe eye movement disorder that results from bilateral posterior parietal damage prevents the detection and stable fixation of the calibration stimuli. In many reports the characterization of oculomotor apraxia therefore relied on clinical observations. The primary characteristics of oculomotor apraxia are an inability to shift gaze to objects in the visual periphery, sometimes resulting in apparently random eye movements, and an impairment of fixation with the failure to maintain fixation on a stimulus, or conversely the failure to move gaze from the current focus of fixation (Bálint, 1909; Holmes and Horrax, 1919; Damasio, 1985; Rafal, 1997; Rizzo and Vecera, 2002).

We are only aware of one study that analysed quantitatively saccadic programming of a patient with simultanagnosia following bilateral inferior parietal damage using basic saccade paradigms. Nyffeler et al. (2005) measured at three different time points following onset of the disease saccade latencies in the gap and overlap paradigm of a patient presenting the severe constriction of attention characteristic of simultanagnosia. Interestingly, in the gap task the patient had slightly shorter (though not significantly) saccade latencies than healthy controls, while in the overlap task her latencies were up to the double of the latency of controls (508 ms versus 260 ms). Increased saccade latencies were observed at all three testing sessions, though in the same interval visual exploration of simple line drawings had recovered to a level similar to healthy participants.

A much earlier eye tracking study using a method developed by Yarbus (1967) had already investigated visual scanning in a patient with simultanagnosia (Luria et al., 1963). The authors noted that the patient had normal fixation of an isolated light in the dark as well as normal smooth pursuit eye movements of a single target in regular motion. In contrast, eye movements were essentially random when the task required visual scanning, such as when the patient was asked to perform simple saccades between two stimuli or when observing the image of a face (Figure 4). Another patient examined by Girotti et al. (1982) also exhibited spatially disorganized eye movements and was only able to fixate a visual stimulus after repeated erratic eye movements. In contrast to Luria's patient however, their patient was also unable to follow visually a moving target and could not voluntarily generate saccades on verbal command, suggesting a generalized impairment of eye movement programming. The patient of Nyffeler et al. (2005) showed abnormal scanning of horizontally aligned line drawings and of the picture of a clock face (Figure 4). When asked to read the clock she inspected uninformative numbers irrespective of the position of the hands instead of fixating the clock hands and the corresponding numbers as control participants did. Two other simultanagnosic patients (Dalrymple et al., 2011, 2013) failed to fixate the informative eye regions in social scenes, while making many fixations on irrelevant stimuli.


[image: image]

FIGURE 4. Patterns of visual exploration in simultanagnosia. (A) Portrait used by Yarbus (1967) when studying face exploration. (B) Scan-path of a healthy subject and (C) of a patient with simultanagnosia when exploring the picture shown in (A). (D) Scan-path and fixation-density plot from a patient with simultanagnosia and (E) a healthy subject exploring a clock-face [A and B: adapted from Yarbus (1967); C: adapted from Luria et al. (1963); D and E: adapted from Nyffeler et al. (2005)] with permission from Elsevier.



According to Bálint oculomotor apraxia (which he referred to as “psychic paralysis of gaze”) in his patient was secondary to the pathological constriction of attention to a single object, and several authors agree with this interpretation (Damasio, 1985; Rafal, 1997; Rizzo and Vecera, 2002). However, the precise relation between oculomotor apraxia and the impairment of visual attention is unclear. For example, some patients may show erratic and disorganized fixation patterns yet are able to extract a significant part of the information contained in complex visual displays (Jackson et al., 2006). Clavagnier et al. (2006) did not observe qualitative differences in the scanning pattern of simultanagnosia patients for stimuli they could identify compared to items they failed to recognize. Similarly, Dalrymple et al. (2009) noted that eye movements did not predict performance of their simultanagnosic patient in identification of hierarchical stimuli. Thus, contrary to Bálint's hypothesis these observations suggest a rather loose relation between simultanagnosia and oculomotor apraxia.

A possible solution to this inconsistency is suggested by an observation made by Rizzo and Hurtig (1987). These authors examined three patients with simultanagnosia and found a dissociation between eye movements and subjective awareness of visual objects. For example, the patients reported disappearance of a light stimulus while they were directly fixating it, suggesting a spontaneous drift of visual awareness from the object at the centre of gaze. Studies with healthy participants show that the relation between overt attention (gaze position) and covert attention (attentional focus) is best described by an interdependence hypothesis, which postulates that attention might be shifted without shifting the eyes, but that eye movements and attention cannot fully dissociate (e.g., the eyes cannot move in one direction while at the same time attention moves in the other direction; Remington, 1980; Hoffman and Subramaniam, 1995). However, the subjective disappearance of a fixated object from awareness in simultanagnosia may reflect pathological fading of visual representations following prolonged viewing, akin to the Troxler effect in healthy observers (Rizzo and Hurtig, 1987; Farah, 1990). The question arising from these observations is: what could explain the observed dissociations between object identification in complex displays and the erratic scanning pattern of patients with simultanagnosia? In our view the answer depends on a better specification of the variables that determine the seemingly chaotic pattern of visual exploration. The clock-reading data of Nyffeler et al. (2005; Figure 4) suggest that irrelevant perceptual details capture the gaze of patients with simultanagnosia. Based on this observation the authors proposed that during visual exploration the gaze of these patients is guided by bottom-up visual saliency rather than the information content of specific regions of the image. Such impairment would result in many erroneous saccades to irrelevant stimuli, and together with attempts of the patient to produce compensatory eye movements for her/his drifting awareness, would lead to the seemingly chaotic scanning pattern observed in several studies. A complementary observation was made by Dalrymple et al. (2013), whose simultanagnosic patient switched from a seemingly chaotic to an ordered fixation pattern (fixating face and eye regions) when asked to infer attentional states of people in social scenes. This observation shows that simultanagnosic patients may be able to use top-down strategies to guide eye movements but do not use them spontaneously (see also Jackson et al., 2009). Together, these findings suggest that deficits of visual scanning in simultanagnosia reflect at least two factors: increased bottom-up capture by salient, but irrelevant information, together with underuse of preserved top-down strategies. This combination of deficits is in line with recent proposals that the guidance of eye movements in natural vision not only depends on bottom-up saliency factors, but also on feature relevance and associated reward values (Tatler et al., 2011).

UNDERSTANDING IMPAIRMENTS OF SACCADE PROGRAMMING FOLLOWING PARIETAL DAMAGE

Traditionally, eye movement disorders following parietal damage have been interpreted in terms of an underlying impairment of visual attention (Bálint, 1909; Holmes and Horrax, 1919; Damasio, 1985; Rafal, 1997). This interpretation is based on the observation that oculomotor apraxia always occurs together with visual attention deficits and the fact that patients are able to execute eye movements on command and to non-visual targets (note however, that these observations are mainly anecdotal). The strong association between visual attention and saccade programming is also observed in psychophysical studies with healthy participants. For example, subjects are better at discriminating a visual target at the location of an upcoming saccade than at alternative locations (Deubel and Schneider, 1996), and they find it impossible to program a saccade to one stimulus while simultaneously making a perceptual decision of another stimulus (Kowler et al., 1995). In agreement with this strong functional coupling between attention and saccades, neuroimaging studies show a close overlap of activations at the dorsal fronto-parietal convexity that are related to covert shifts of attention and activations related to saccades (see Grosbras et al., 2005 for a meta-analysis of functional imaging studies). Current accounts of PPC function (in particular, of those areas involved in visual attention and saccade programming, such as area LIP) propose that this region integrates bottom-up saliency information with top-down task-related signals into an attentional priority map of the environment (Gottlieb, 2007; Bisley and Goldberg, 2010; Ptak and Fellrath, 2013). The priority map is believed to act according to an “all-or-none” rule, in that the stimulus with the highest current saliency will automatically be selected by attention (Koch and Ullman, 1985). Indeed, intraparietal damage leads to a deficit of target selection when stimuli compete for attentional resources (Gillebert et al., 2011), and disconnection of the PPC from the premotor cortex (including the FEF) may disrupt top-down signals biasing attentional selection in spatial neglect (Bays et al., 2010; Ptak and Schnider, 2010).

The visual scanning behavior of patients with unilateral or bilateral parietal damage is in agreement with the notion of attentional priority. For example, the rightward bias of the first saccade during scene exploration in neglect patients and their tendency to look to the more ipsilesional of two simultaneously presented stimuli are compatible with a bias in the priority map favoring right-sided locations. In addition, the finding that patients with neglect and simultanagnosia preferentially fixate visually salient rather than particularly informative regions suggests a failure to integrate bottom-up and top-down attention signals.

However, the saccade studies discussed above also present some findings that are difficult to reconcile with an attentional account. For example, the relation between erratic scanning behavior of patients with simultanagnosia and their capacity to extract information from the image is not straightforward, and dissociations between both measures may be observed (Clavagnier et al., 2006). Even more puzzling are observations of bilateral deficits in saccade performance following unilateral parietal damage leading to a spatially lateralized deficit of visual attention. We propose that at least some of these deficits reflect subcortical interactions in the oculomotor system that are only revealed when top-down modulation is altered due to cortical damage. One such observation is the pathological bias in oculomotor responses favoring stimuli presented at fixation that characterizes left neglect (Ptak et al., 2007). Trying to explain this bilateral bias in terms of attentional failures is problematic. Some authors have interpreted the overlap effect in terms of impaired disengagement of attention from fixation (Fischer and Breitmeyer, 1987), and a multi-modal disengagement deficit is one of the core attentional components of spatial neglect (Posner et al., 1987; Losier and Klein, 2001; Golay et al., 2005). However, neglect patients only fail to disengage attention from ipsilesional stimuli, and the deficit generally appears in manual reactions. In contrast, the increased overlap effect was clearly not lateralized and was restricted to oculomotor responses. This finding is coherent with a model of spatial neglect that posits mutual inhibitory interactions between the parieto-occipital cortex and the superior colliculus (Sprague, 1966; Rafal, 2006). In animals, impaired orienting responses toward stimuli contralateral to a parieto-occipital lesion are restored if the contralateral colliculus is functionally inactivated (a finding known as the “Sprague-effect”; Sprague, 1966; Payne et al., 1996). The Sprague-effect suggests that parieto-occipital cortex normally exerts a facilitatory influence on the ipsilateral and an inhibitory influence on the contralateral colliculus. An important feature of the superior colliculus is its subdivision in two functionally distinct regions: the rostral colliculus contains neurons that discharge when a stimulus in the central ~2° of the visual field is actively fixated (Munoz and Wurtz, 1993), while neurons in the caudal colliculus show activity related to the preparation and execution of saccades (Dorris et al., 1997). Stimulation of fixation neurons in one colliculus activates fixation neurons and deactivates saccade-related neurons in the other colliculus (Munoz and Istvan, 1998), suggesting that both colliculi work as a unit during active fixation. Thus, following a right cortical lesion, a functionally disinhibited left colliculus would stimulate the fixation zone in the right colliculus, which would lead to increased fixation activity. The bilateral increase of saccade latency following a foveal distracter can thus be understood in terms of functional interactions between the right parietal lobe and the two colliculi.

This tentative explanation remains hypothetical as long as no direct evidence exists that the Sprague-effect applies to spatial neglect in humans (though positive results have been presented by Weddell, 2004). Nevertheless, interactions between fixation and saccadic activity may be pathologically increased following cortical damage, and they therefore provide a logical alternative to attention deficits for the explanation of some “low-level” oculomotor impairments (this might also apply to the remote distracter effect or the global effect). In sum, eye movement deficits following focal parietal damage may reflect the importance of this region for saccade planning under conditions of sensory competition as well as functional impairments of remote structures of the oculomotor network lacking top-down modulation.
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Since the first description of a systematic mis-reaching by Bálint in 1909, a reasonable number of patients showing a similar phenomenology, later termed optic ataxia (OA), has been described. However, there is surprising inconsistency regarding the behavioral measures that are used to detect OA in experimental and clinical reports, if the respective measures are reported at all. A typical screening method that was presumably used by most researchers and clinicians, reaching for a target object in the peripheral visual space, has never been evaluated. We developed a set of instructions and evaluation criteria for the scoring of a semi-standardized version of this reaching task. We tested 36 healthy participants, a group of 52 acute and chronic stroke patients, and 24 patients suffering from cerebellar ataxia. We found a high interrater reliability and a moderate test-retest reliability comparable to other clinical instruments in the stroke sample. The calculation of cut-off thresholds based on healthy control and cerebellar patient data showed an unexpected high number of false positives in these samples due to individual outliers that made a considerable number of errors in peripheral reaching. This study provides first empirical data from large control and patient groups for a screening procedure that seems to be widely used but rarely explicitly reported and prepares the grounds for its use as a standard tool for the description of patients who are included in single case or group studies addressing optic ataxia similar to the use of neglect, extinction, or apraxia screening tools.
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INTRODUCTION

Optic ataxia (OA) was first described by Rudolph Bálint in 1909 as a neurological symptom resulting in gross mis-reaching to targets in the peripheral visual field (Balint, 1909). Initially, it was only seen as part of a triad of symptoms, which forms the basis of the Bálint-Holmes syndrome. Two additional symptoms are usually observed in a Bálint syndrome, namely oculomotor apraxia and simultanagnosia (Balint, 1909; Rizzo and Vecera, 2002). Garcin et al. (1967) were the first to report that OA can also appear as a distinct disorder in isolation. The defining characteristic of OA is the contrast between the occurrence of spatial errors in reaching movements to targets in the visual periphery and unimpaired movements to targets in the central visual field. This feature together with hand- and field-effects in unilateral cases supported the conclusion that OA represents a visuomotor coordination deficit that could neither be explained by a motor deficit nor by a sensory deficit alone (Perenin and Vighetto, 1988). In contrast to their visuomotor impairments, patients with OA seem to be able to detect and localize targets in their complete surroundings and reliably perceive shape, size and orientation of targets in the peripheral visual field (Perenin and Vighetto, 1988; but see Pisella et al., 2009). Performing a lesion analysis with sixteen OA patients, Karnath and Perenin (2005) found the lateral and medial parieto-occipital junction (POJ) to be specifically affected in OA.

Remarkably, the vast majority of the studies investigating OA patients report the behavior of only one or two patients (Jeannerod et al., 1994; Milner et al., 1999, 2001; Pisella et al., 2000; Roy et al., 2004; Himmelbach and Karnath, 2005; Blangero et al., 2007, 2008; Gaveau et al., 2008; Rice et al., 2008; Himmelbach et al., 2009; Jax et al., 2009; Cavina-Pratesi et al., 2010; McIntosh et al., 2011) with very few exceptions (Perenin and Vighetto, 1988; Blangero et al., 2010). Furthermore, many of the single-case reports examine the same patients repeatedly. Interestingly, although the same patients are tested, different authors come to different conclusions regarding the status of the patient. Patient CF is reported by Clavagnier et al. (2007) as a recovered patient: “[…] in the second patient (CF), the syndrome gradually improved after 3 months and eventually totally disappeared after 5 months.” (p. 25). In contrast, the same patient participated in multiple experimental studies over a period of at least 3 years as a chronic case of unilateral optic ataxia (Khan et al., 2005, 2009; Blangero et al., 2008; Granek et al., 2012). Whether such disagreements are due to variability in the patient's behavior, use of different diagnostical procedures, or a different interpretation of test outcomes remains unknown to us.

Case reports typically present a lot of clinical and experimental data due to an extensive investment of time and other resources for the examination of a single patient. Unfortunately, detailed information why and how the respective patient was recruited in the first place, i.e., the initial screening of the patient, is usually not reported. Detailed quantitative reports concerning movement kinematics from motion capturing systems etc. describe the respective behavior of a single patient in a particular experiment very precisely—e.g., the paradoxical improvement of delayed reaching (Milner et al., 1999, 2001, 2003; Himmelbach and Karnath, 2005). However, without a common agreement about a simple procedure that can be used in large patient populations rather than only in a few single cases, we do not know whether the occurrence of the clinical phenomenon OA is really linked to the observed experimental effects. Thus, it would be possible that there are several patients who would be diagnosed as OA cases without specific effects like the paradoxical improvement of delayed movements, questioning the postulated association between the phenomenology of OA and such experimental findings.

Optic ataxia seems to be of minor importance for the clinician. This very specific visuomotor deficit, causing troubles only for movements to targets in the retinotopic periphery, can be easily compensated for by looking at the respective targets before initiating a hand movement. Optic ataxia might become more important in a clinical context if it is combined with other disorders, e.g., as part of a Bálint-Holmes Syndrome (Rizzo and Vecera, 2002). The combination of optic ataxia with parietal impairments like oculomotor apraxia and/or simultanagnosia can result in severe limitations in everyday life because the patients are not able to fixate a target in the first place (Al-Khawaja and Haboubi, 2001; Gillen and Dutton, 2003; Rizzo and Vecera, 2002). Thus, the identification of optic ataxia in individual patients helps to render adapted neurorehabilitative strategies for those patients who suffer from debilitating combinations of parietal deficits (Al-Khawaja and Haboubi, 2001; Gillen and Dutton, 2003; Rizzo and Vecera, 2002). However, until today the impact of optic ataxia on everyday life in patients with multiple neuropsychological disorders has not been systematically investigated because this impairment is not well-known and because most clinicians do not know adequate behavioral tests. On the other hand, optic ataxia became more important in recent years being one of the core behavioral symptoms indicating the presence of a posterior cortical atrophy (PCA) (Mendez et al., 2002; Crutch et al., 2012). Because of a rather late onset of memory impairments in patients suffering from PCA, the onset of this dementing syndrome is often overlooked or misdiagnosed (Crutch et al., 2012). Interestingly, none of these studies mentioned how the presence of optic ataxia was detected in PCA patients.

Although other procedures, like tracing 2D figures as fast as possible (Kim et al., 2004), have been suggested, reaching for objects in the peripheral and central visual field in a way represents a standard test for optic ataxia since it was presumably tested in all of the reported patients at some time point. This screening procedure was described by Perenin and Vighetto (1988): “[…] the participant had to fixate the camera lens. He was asked to reach and grasp as quickly and accurately as possible an object (a big pencil) that was presented by the experimenter placed behind him at various locations successively in the ipsilesional hemifield, in the central field and then in the contralesional hemifield. First the hand ipsilateral and then contralateral to the lesion was tested. […] In condition 3, […] 1 object was presented but instead of fixating the camera lens the participant had to orientate eyes and head toward the object while reaching for it” (p. 652). The original report already included the data of a healthy control group. However, the size of this control group remained unclear. Based on the available information there were at least 5 but not more than 6 or 7 controls for the critical tasks. In contrast to experimental measurements with motion capturing systems, this screening can be conducted by every examiner and with most acute and chronic stroke patients. Unfortunately, so far there are no instructions or guidelines for the examination beyond the coarse description presented above. Furthermore, the reliability of this screening and the evaluation of the patients' performance has never been estimated.

Therefore, the aim of our study was to standardize and evaluate the bedside test for optic ataxia presented by Perenin and Vighetto (1988). We developed a set of instructions for the execution of the test and evaluation criteria for the scoring. First of all, we tested a large group of healthy participants to derive a cut-off score for the diagnosis of OA. Secondly, a large group of stroke patients was tested to assess the inter-rater reliability of the test and scoring procedure. Thirdly, the test was conducted a second time with a subgroup of patients to assess its test-retest reliability. Finally, to scrutinize the specificity of the test we examined a group of cerebellar ataxia patients who showed general motor coordination deficits. As OA is supposed to occur independently of such general coordination deficits a difference between peripheral and central visual field reaching is not expected in this patient group.

MATERIALS AND METHODS

PARTICIPANTS

Thirty-six neurologically healthy participants were tested in order to determine a cut-off score. All participants were right-handed and had normal or corrected-to-normal visual acuity. The same test was conducted with a group of 52 stroke patients who suffered an ischemia or hemorrhage. Patients were included in the study when they were able to sit up in bed and maintain visual fixation. Exclusion criteria were lesions limited to the brain stem, brain tumors, or metastasis and infectious or autoinflammatory diseases (e.g., encephalopathy, meningitis, vasculitis), known administration of narcoleptics (with motor disturbances as side effect) and additional brain disorders (e.g., Parkinson's disease, multiple sclerosis). Eleven of these stroke patients were chronic patients who suffered a stroke more than 390 days earlier (Table 1). We examined acute and chronic patients to increase the sample size for the interrater reliability analyses as much as possible. Twenty-eight of the stroke patients were tested twice in two consecutive sessions in order to assess the test-retest reliability. Again, we included 3 chronic patients to increase the sample size. Because of the obvious differences between the acute and chronic phase with respect to behavioral variability, we conducted a complementary test-retest analysis excluding the chronic cases. Finally, 24 patients diagnosed with cerebellar ataxia (CA) due to global cerebellar degeneration were recruited. All of these patients were examined by a specialist on degenerative ataxias (M.S.). None of them showed any clinical, electrophysiological or imaging evidence of extra-cerebellar disease involvement. Secondary causes of ataxia (e.g., ataxias of inflammatory, vascular or metabolic origin) were excluded in all patients by extensive serum and CSF analysis and MRI imaging. Out of the patients with genetically confirmed ataxia, only patients with Spinocerebellar Ataxia (SCA) type 6 were included as degeneration in this SCA subtype is known to be essentially limited to the cerebellum (Schöls et al., 2004). SCA 1, 2, 3, 7, and 17 were excluded, as these SCA subtypes are known to affect several non-cerebellar CNS structures. All demographic details and clinical data are given in Table 1. The experiment was conducted in accordance with the 1964 Declaration of Helsinki and all participants gave their informed consent prior to testing.

Table 1. Demographic details for all participant groups.
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PROCEDURE

Before conducting the OA test a finger perimetry was conducted in order to assess visual field deficits such as hemianopia (HA) or quadrantanopia (QA). Secondly, the TNO test for stereoscopic vision (Laméris Ootech, www.ootech.nl) was conducted. Information about motor deficits such as a hemiparesis (HP) was derived from the routine clinical examination of each patient conducted by independent trained neurologists. Depending on the severity of the hemiparesis, the test for OA was conducted only with the non-affected hand. All tests were administered at the patients' bedside (with the patient sitting on the edge of the bed or with highly upright backrest in bed) or with the patient sitting on a chair in the patient's room. During the OA test, the participants' upper body was upright so that both arms could be moved freely. Each participant was tested in two conditions. In the first condition, he/she was instructed to look straight ahead (fixation), while in the second condition, the participant was instructed to look directly at the target object (saccade) while grasping. The examiner stood behind the participant and held a 20 cm long wooden pole (8 cm for the examiner to hold the pole and 12 cm for the patient to grasp) with a diameter of 2.8 cm to the side of the participants' body. The position of the pole was varied in a confined space: it was presented at a height between the participant's elbow and head, with a horizontal rotation angle around the body midline between 30 and 60° to the left and right, respectively, and the participant's arm was not completely extended for the maximum distance of the target object to the body (Figure 1). The pole was always presented in an upright orientation. The examiner varied the delays between individual trials to prevent anticipatory responses. The pole was presented in both visual hemifields, and the participant grasped it in each hemifield with the left and the right hand, respectively, resulting in four different hand/field combinations per condition (Figure 2). In each hand/field combination 10 movements were executed. Thus, in total 80 trials were performed. However, if fixation was not maintained the respective trials were repeated and the number of trials increased accordingly. Furthermore, the participant was instructed to grasp the pole along its visible extent with the full hand using a power grip. After each trial the participant moved his/her hand back to the resting position at the thigh. With a subgroup of stroke patients, the OA test was conducted twice. The time between the testing sessions was between one and 4 days (mean: 1.39, SD: 0.8). The OA test was videotaped by a second examiner in front of the patient, who also controlled fixation of the patients' gaze during the test sessions (Figure 1).
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FIGURE 1. Setup for the OA test procedure. One examiner presented the pole to the participant while the other examiner observed the performance of the participants and controlled eye movements. The height for the target presentation varied between elbow height of the patient (with relaxed arms at the side of the body) and the top of his/her head.
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FIGURE 2. OA patient with a right-hemisphere lesion grasps the pole in the different hand-field combinations during the fixation condition (peripheral grasping).



DATA ANALYSIS

Based on prior experience and inspections of the first video recordings a graded rating scheme for movement errors was developed (Table 2). This rating scheme associates different error types, ranging from minor spatial errors and hesitant movements to gross spatial misreaching, with ordinal categories between 0 (no errors) and 3 (gross errors). The categories 2 and 3 are similar to the notion of “corrected” and “uncorrected” errors in the report of Perenin and Vighetto (1988). All video recordings of patient examinations were then processed independently by two examiners (Svenja Borchers and Laura Müller) using this rating scheme.

Table 2. Guidelines for scoring the performance on the OA test.
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After rating all trials of a participant, the scores for each hand/field combination were summed up per visual condition, resulting in eight summed error scores. The actual number of valid trials per condition finally varied between 9 and 11. Therefore, each of the eight error scores was transformed into a percentage score relative to the possible maximum score: error score/(number of trials × 3) × 100. A difference value was calculated by subtracting the percentage error score of the fixation condition of one hand/field combination from the percentage error score of the saccade condition of the same hand/field combination. Factors that are supposed to influence both conditions, such as mild hemiparesis or tremor should thus be cancelled out. Furthermore, the difference score could also control individual differences in the rating of the observed movements as the personal interpretation of individual raters, influences the scores in both conditions. For all following analyses, we used the difference value of the percentage error score.

All statistical analyses were performed with SPSS (Version 19.0; SPSS, Inc. Chicago, IL, USA). Cut-off scores were determined in order to differentiate between normal and pathological test performance based on the performance of healthy participants for each hand/field combination. Two standard deviations were added to the mean of the controls' data (2 SD): Cut-off(hand X, field Y) = Mean(hand X, field Y) + [2 × Standard Deviation(hand X, field Y)]. This method is based on the fact that, under the assumption of a normal distribution of the controls' data and assuming that the control sample's values are identical with the parameters in the general population, 95.45% of the values lie within two standard deviations of the mean. Another method to compare single patients with the performance of a group of healthy participants is the use of adjusted t-statistics as suggested by Crawford and Garthwaite (2005). Using their program (SINGLIMS), we calculated two cut-off values corresponding to error probability thresholds of p < 0.05 (C&G 0.05) and p < 0.01 (C&G 0.01).

In order to determine whether the cut-off scores effectively differentiate normal from abnormal test performances, the test performance of the CA patients was evaluated, since CA patients were not necessarily expected to show OA symptoms.

Two different kinds of reliabilities were assessed for the scores of the OA test. On the one hand, the inter-rater reliability was calculated as the correlation of both experimenters' ratings for each hand/field combination across all stroke patients. We calculated the Pearson's correlation coefficient for parametric scores. Furthermore, we calculated the test-retest reliability, the Pearson correlation between the scores produced by one experimenter (Laura Müller) for two test sessions taking place on two different days.

RESULTS

The performance of the healthy control participants for each hand/field combination was assessed. An ANOVA between the difference values of the percentage error scores of the different hands and fields revealed a significant hand × field interaction [F(1, 35) = 19.184; p < 0.001]. In particular, participants produced more errors in the left visual field with their left hand than with their right hand [t(35) = −3.0; p = 0.005], while in the right visual field, more errors were made with the right hand than with the left one [t(35) = 4.012; p < 0.001]. The performance was thus better in the incongruent (RH-LF, LH-RF) than in the congruent conditions (RH-RF, LH-LF) [t(35) < −3.39; p < 0.003]. The impairment in OA patients should primarily differ between the combinations contralesional hand/contralesional field and ipsilesional hand/ipsilesional field, i.e., in congruent conditions. Thus, in the following we focused on the mean error scores across congruent hand/field conditions in healthy controls and cerebellar patients and the contralesional hand/contralesional field in stroke patients. If patients suffered bilateral lesions we included the maximum error score of the two congruent hand/field conditions in our analyses.

DISTRIBUTION OF ERROR SCORES

The distribution of error scores resulting from a comparison between reaching in the peripheral and reaching in the central visual field in different populations is currently unknown. As mentioned above only Perenin and Vighetto (1988) reported the outcome of peripheral reaching for a small healthy control sample of unknown size and a selected group of parietal patients. Figure 3A reports the distribution of mean difference scores for the congruent hand/field conditions in our sample of healthy controls. With a mean of 4.74% and a SD of 4.44% the values seemed to be roughly normally distributed with two outliers above 15%. Including the two outliers the distribution showed a positive skewness of 1.226 (SE = 0.393) and a kurtosis of 2.945 (SE = 0.768). A Kolmogorov-Smirnov test showed a significant deviation from a normal distribution [D(36) = 0.150, p = 0.038]. Excluding these outliers resulted in a mean of 3.98% with a SD of 3.18%. The skewness changed to −0.126 (SE = 0.403) and the kurtosis to 0.383 (SE = 0.788). Without the two outliers no deviations from a normal distribution were detected by the Kolmogorov-Smirnoff test [D(34) = 0.107, p = 0.200]. Figure 3B shows the distribution for the congruent hand/field conditions in the group of cerebellar patients. Again, the values seemed to be roughly normally distributed with a mean of 7.16% and a SD of 5.59% and two outliers above 20%. Including the two outliers the distribution showed a positive skewness of 2.02 (SE = 0.472) and a kurtosis of 4.333 (SE = 0.918). A Kolmogorov-Smirnov test showed a significant deviation from a normal distribution [D(24) = 0.188, p = 0.028]. The exclusion of two outliers resulted in a mean of 5.71% with a SD of 2.78%. The skewness changed to 0.165 (SE = 0.491) and the kurtosis to −0.829 (SE = 0.953). Without the two outliers no deviations from a normal distribution were detected by the Kolmogorov-Smirnoff test [D(22) = 0.112, p = 0.200]. The distribution of error scores for the contralesional hand/contralesional field of 48 acute and chronic patients is shown in Figure 3C. Four patients were not included because error scores could not be derived for the respective contralesional hand/field either because of a severe hemiparesis or hemianopia. In contrast to the distribution of healthy controls and cerebellar patients, the distribution of the stroke patients' scores showed a larger variability with a mean of 13.06% and a SD of 16.35%. The skewness of this distribution was 2.713 (SE = 0.343) and the kurtosis was 8.731 (SE = 0.674). The Kolmogorov-Smirnoff test showed a highly significant deviation from a normal distribution [D(48) = 0.194, p < 0.001]. Figure 3D shows the distribution of the stroke patients' scores after the exclusion of the chronic patients. Still, the distribution of the stroke patients' scores showed a high variability with a mean of 9.64% and a SD of 9.76%. The skewness of this distribution was 1.282 (SE = 0.0.388) and the kurtosis was 1.428 (SE = 0.759). Again, the Kolmogorov-Smirnoff test showed a highly significant deviation from a normal distribution [D(37) = 0.201, p = 0.001].
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FIGURE 3. Histogram showing the distribution of error scores in the study's different samples. (A) Mean error scores for both congruent conditions in healthy controls. (B) Mean error scores for both congruent conditions in cerebellar patients. (C) Error scores for the contralesional hand and contralesional field condition in acute and chronic stroke patients. (D) Error scores for the contralesional hand and contralesional field condition in acute stroke patients only.



In conclusion, the error scores of healthy controls and cerebellar patients were similarly distributed. Both groups showed a roughly normal distribution with a small number of outliers that were in both groups more than 2 SD away from the respective group's mean value. The distribution of error scores in the stroke patients showed a higher variability and a longer tail in the positive range with and without the values of chronic patients.

CUT-OFF SCORES

To provide a first guidance to other users of this screening method and our normalization data and to further inspect the data of the stroke patient sample we calculated a set of possible cut-off values based on accepted and statistically valid methods with reference to the distributions of healthy controls' values and the values from the cerebellar patients. This calculation also gives an impression of how many cases are likely to be detected by this screening method in an unselected sample of patients with an acute cerebral stroke. A first cut-off was calculated using the standard method (mean + 2 standard deviations) based on the healthy control's values resulting in a score of 14% in the congruent conditions (Table 3). Using this cut-off, 7 of 37 consecutively admitted acute patients would be detected with a pathological difference between peripheral and central reaching. Calculating a cut-off value by means of the adjusted t-test for single-case statistics suggested by Crawford and Garthwaite (2005) resulted in an error score of 13% for a threshold of p < 0.05 and an error score of 16% for a threshold of p < 0.01 (Table 3). Using the threshold of p < 0.05 resulted in 11 positive cases out of 37 examined acute patients, while the threshold of p < 0.01 identified 7 cases. Cut-off values derived from the cerebellar patients (Table 3) resulted in 6 detections for the standard method, 6 detections for C&G 0.05, and 2 detections for C&G 0.01. For both sets of cut-off values we included the respective outlier cases mentioned above. Excluding the small number of outliers would reduce the respective threshold values and result in a higher number of positive cases. Means and standard deviations for both control samples of our study without outliers are reported above in the results section. Thus, every researcher and clinician can derive additional thresholds using methods based on parametric inferential statistics or simply decide to use the maximum values in healthy controls or cerebellar patients that we observed here as a threshold for a clinical decision.

Table 3. Cut-off scores.

[image: image]

SPECIFICITY

The cerebellar patients suffered from motor coordination deficits (dysmetria and/or tremor) due to global cerebellar degeneration. None of these patients showed evidence of brain damage to the parietal cortex on routine MRI. The actual performance of these patients in the clinical OA screening thus should reveal the specificity of the OA screening in differentiating between the performance of patients with OA and patients suffering from another motor coordination deficit. The distribution of the error scores shown in Figure 3 showed that the range and distribution of values was very similar between the healthy controls and the cerebellar patients. We further examined the difference scores for each congruent hand/field combination (RHRF, LHLF) of each cerebellar patient individually against the cutoff values derived from the healthy controls sample (Table 4). With these comparison, which were equivalent to the single case analyses of the acute stroke patients, three out of 24 CA patients showed test scores higher than the healthy controls' cut-off values of 14% (2 SD) and 16% (C&G 0.01), or four patients based on the 13% cut-off (C&G 0.05).

Table 4. Difference values of the percentage error scores of CA patients for congruent conditions.
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INTER-RATER RELIABILITY

The calculation of the inter-rater reliability was based on the complete stroke patient data set of 52 patients. The correlation between the results of the two raters was calculated for the difference value of each hand/field combination, respectively. There was a small variability of the number of participants for the different hand/field combinations due to a drop-out owing to HA or HP affecting only a specific visual field or hand. The correlations for all hand/field combinations ranged between r = 0.718 and r = 0.947 (Table 5). The scatter plots of the error scores displayed extreme values in two of the four conditions (Figure 4). Even when those three outliers (>mean + 3 SD's) were removed, the resulting correlations ranged between r = 0.718 and r = 0.849 (Table 5).

Table 5. Results for the inter-rater reliability.
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FIGURE 4. Scatter plots mapping the correlation of the two raters per hand/field combination. Error scores are differences between percentage error scores in the fixation and saccade condition.



TEST-RETEST RELIABILITY

We assumed that, without any pathological process, most of the day-to-day variability in the healthy controls would be driven by random processes. The OA screening is definitely not sensitive enough to measure the subtle differences in the sensorimotor capabilities of healthy humans. Therefore, we used only patient data for the test-retest reliability analysis. The error scores of 28 unilateral acute and chronic stroke patients who were tested in two separate sessions on two different days were reorganized with respect to lesion side. We found a significant correlation only for the contralesional field and hand combination (r = 0.578, p = 0.001). In contrast, no significant correlations could be identified in the other combinations (Table 6 and Figure 5). The ipsilesional hand/contralesional field combination also resulted in a positive correlation (r = 0.348). Obviously, day-to-day variability might be different in acute and chronic patients. In agreement with this assumption the correlation calculated only for the group of acute patients was slightly lower for the contralesional hand/field combination (r = 0.551, p = 0.004) (Table 6).

Table 6. Results for the test-retest reliability.
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FIGURE 5. Scatter plots showing the correlation of two test sessions per hand/field combination. Error scores are differences between percentage error scores in the fixation and saccade condition The C&G 0.01 cut-off value is indicated by the black dotted lines. The correlation is indicated by the black line.



Interestingly, only three cases showed values above the threshold in both test sessions with the C&G 0.01 cut-off value (16%) with 17 cases being consistently below the threshold in both sessions. One patient was above the threshold in the first test but not in the second, seven other patients showed the reverse pattern (Cohen's kappa = 0.282, p = 0.077). This pattern changed somewhat with the C&G 0.05 cut-off (13%). Five patients were repeatedly identified as optic ataxic cases, 14 cases were consistently negative, three patients were pathological only in the first testing session, and five patients only in the second session (Cohen's kappa = 0.381, p = 0.041). The standard cut-off (14%) resulted in four consistently positive detections, 15 consistent negative results, two cases with a positive result in the first testing session only, and seven patients with a positive result in the second testing session only (Cohen's kappa = 0.267, p = 0.121). Excluding the three chronic patients also changed the results for the interrater agreement, again we found a significant agreement between test-retest decisions based on the most liberal Crawford and Garthwaite threshold (C&G 0.01: Cohen's kappa = 0.187, p = 0.238; C&G 0.05: Cohen's kappa = 0.386, p = 0.045; 2 SD: Cohen's kappa = 0.259, p = 0.119).

DISCUSSION

The purpose of this study was to evaluate, standardize, and communicate a bedside screening procedure for the diagnosis of OA that was already introduced by Perenin and Vighetto (1988). To investigate its usability and reliability and the typical range of error scores we examined a large group of healthy controls, a large cohort of stroke patients with cerebral lesions, and a group of patients suffering from cerebellar atrophy. We derived cut-off values based on established statistical methods from a neurologically healthy control group and a group of cerebellar patients and further examined the specificity of this screening procedure. Our study provides an empirical basis for the use of this procedure in different places by different examiners demonstrating that, under consideration of a few recommendations and standards communicated with this report, the test outcome is reliable between different raters and as reliable as other clinical screening instruments in repeated examinations.

We found a rather high correlation between two independent raters when using the proposed guidelines for the analysis of the observed behavior. Our results are comparable with the results of other studies assessing the correlation of two or more raters for clinical instruments and procedures. Vanbellingen et al. (2010) investigated the inter-rater reliability of a diagnostic instrument for the detection of upper limb apraxia. They reported correlation coefficients ranging from 0.65 to 0.99. South et al. (2001) evaluated the inter-rater reliability of three published scoring systems for the clock drawing task and reported correlation coefficients between 0.51 and 0.95. A study conducted by Coderre et al. (2010) assessed the sensorimotor function of stroke patients with a visually guided reaching task for which they reported an inter-rater reliability between 0.77 and 0.97. Therefore, the inter-rater reliabilities of the present study ranging between 0.72 and 0.95 are comparable with other clinically relevant instruments and procedures.

For the test-retest reliability, we found only a moderate correlation of 0.578. However, mostly acute patients, 25 of 28, were tested to assess the test-retest reliability, most of them within seven days post-stroke. In this acute stage a patient's performance might change within days or even hours. Such spontaneous recovery, or deterioration of health, is an important factor influencing the reproducibility of test scores. For the test to be useful as a screening tool for acute patients we recommend to repeat the test at least twice in order to reduce the number of false positives and false negatives. However, this result for the optic ataxia screening was neither surprising nor particularly poor. Other methodological studies of clinical screening instruments reported similar test-retest reliabilities. Diederich and Merten (2009) evaluated the test-retest reliability of the bicycle drawing test. They found a correlation of 0.58 for an interval of only 1 day between the first and second testing and a correlation of 0.73 for an interval of 3 days between testing (Diederich and Merten, 2009). Dikmen et al. (1999) examined test-retest reliabilities for a broad range of neuropsychological measures. They found that while most measures (e.g., Boston Naming Test, Stroop Test, Name Writing) resulted in correlations between 0.66 and 0.92, some widely used memory tests showed much lower correlations. The established and highly standardized Wechsler Memory Scale showed a test-retest reliability between 0.58 and 0.83 and the Selective Reminding test showed correlations between 0.46 and 0.64 (Dikmen et al., 1999). Thus, other clinically important instruments show test-retest reliabilities in a similar or even lower range as the correlation that we found for the optic ataxia screening here. Obviously, further investigations are needed to determine the test-retest reliability including more cases with a clear-cut optic ataxia. Due to the small number of such patients this would either require a much longer data acquisition period and/or the combined efforts of a multicenter study.

Calculating explicit threshold values we did not intend to provide a gold standard for the diagnosis of optic ataxia. We calculated six cut-off scores based on the performance of a healthy control sample and a sample of cerebellar patients, comparing the performance for extrafoveate and foveated targets. Interestingly, in healthy controls we observed less errors in the incongruent conditions, i.e., when grasping with the left hand to the right visual field or vice versa. This combination of start position and target location allowed to grasp the target object successfully with less precise, sweeping movements. OA patients, however, should have most difficulties when reaching to a target with their contralesional hand in their contralesional visual field. As the primary objective of this test procedure and the use of cut-off scores is the detection of possible OA cases, we only used the congruent conditions in the healthy control group for the calculation of cut-off scores. The mean error scores for the congruent conditions in healthy participants in our measurements were very close to the mean error scores reported by Perenin and Vighetto (1988) for their small control group. These authors reported mean error values for reaching to a visual object in the peripheral field without saccades of about 12% for each condition. This percentage was based on the number of error trials related to the total number of trials. Perenin and Vighetto (1988) stated that, in healthy controls, they observed only corrected trials. This means, based on an average of 10 trials per person and condition that most controls showed only one corrected error trial. Applying our rating scheme to the behavioral outcome in controls from Perenin and Vighetto results in a percentage error score of 6.7%. Taking into account that the numbers reported by Perenin and Vighetto did not consider any smaller errors for the saccade-condition and their much smaller sample size of a different age range, this estimated value of 6.7% based on their report is very close to the average of 4.74% from the congruent conditions in our healthy control sample. However, using the thresholds calculated here from the healthy controls resulted in the detection of a rather high number of positive cases among the acute stroke patients up to 11 with the most liberal, but statistically sound threshold. This might be due to general differences between a hospitalized patient sample on the one hand and a control sample of volunteering healthy controls on the other hand. Thus, we additionally calculated thresholds based on the sample of cerebellar patients resulting in six positive cases for the more liberal thresholds, but only two for the most conservative threshold of an error score of 26.7%. The latter threshold detected only cases that showed error scores higher than any control despite of two cerebellar patients. This result of our investigations into statistically sound threshold values shows that the small healthy control group of Perenin and Vighetto (1988) conveyed a wrong impression. Healthy controls and neurological patients with error scores higher than 4–7%, i.e., more than one corrected error trial, are more common than previously assumed. Our suggestion regarding the use of cut-off values is rather pragmatic. If the recruitment of patients for experimental studies, investigating what specific effects are associated with the presence of optic ataxia and which are not, motivates the clinical screening, the number of false positives in a first screening would be less important and the lower C&G 0.05 threshold (13%) would be a good choice. If, on the other hand, the number of false positives is particularly important, we would suggest to adopt the most conservative threshold based on the sample of cerebellar patients of 26.7%. Alternatively, one might use the highest differential score that we observed in a cerebellar control for one hand/field combination of 36% (Table 4). Our report of mean values and standard deviations from both control populations with and without outliers and the respective outcome of our examinations in a large stroke sample allows other researchers and clinicians to reach their own conclusions on practical thresholds for their research and clinical work.

Obviously, it is not clear whether any of the cerebral patients who scored above the respective thresholds in our study really showed true optic ataxia. We examined the visual field of these patients only with a finger perimetry. We would not have detected any more subtle visual problems like reduced contrast sensitivity or blurred vision. Also higher order visual deficits, like impairments in size, orientation, or location discrimination (Pisella et al., 2009), would have gone unnoticed in this screening. Furthermore, we did not test for proprioceptive deficits in detail. In conclusion, we do not know whether anyone of these patients really suffered from true optic ataxia in agreement with the negative definition that excludes any purely sensory or motor disorders (Perenin and Vighetto, 1988). Yet, it was not the intention of our study to report the incidence of ‘true’ optic ataxia patients but to investigate and communicate the usability of a screening procedure, its reliability, and the range of typical results in a healthy control sample, a patient control sample, and an unselected group of consecutively admitted stroke patients. In doing so we hopefully motivate others to use this procedure to provide additional information on a patient's status for clinical and experimental reports of single cases and groups of patients where the presence of optic ataxia might be an issue to be considered, comparable to the use of simple screening tests for other neuropsychological disorders, e.g., for apraxia (Goldenberg, 1996).

In conclusion, the data reported here indicate that the reported guidelines for conducting the test and evaluating the test results are applicable as a screening instrument for diagnosing OA in a clinical setting. We have shown that two independent raters produced very similar scores using the described guidelines. We provided an estimate for the test-retest reliability and showed that test results were moderately reproducible on different days even in acute patients, comparable to other clinical instruments that are widely used in clinical practise. Our study reports the expected range of values for participants who did not experience a cerebral brain damage and, most certainly, did not suffer from optic ataxia. Thus, our work provided first empirical data from larger groups for a screening procedure that seems to be widely used but rarely explicitly reported and prepared the grounds for the use of this screening procedure as a standard tool for the description of patients who are included in single case or group studies similar to the use of neglect, extinction, or apraxia screening tools. Such a common use of this screening, keeping in mind also its limitations shown here, would allow for more conclusive comparisons across different studies and clinical reports.
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APPENDIX

INSTRUCTIONS FOR CONDUCTING THE OPTIC ATAXIA BEDSIDE TEST

Test procedure

The participants' upper body should be upright so that both arms can be moved freely. Ideally, the participant should sit on a chair. If this is not possible the participant should either sit on the edge of the bed or with highly upright backrest in bed. One examiner stands in some distance to the participant and controls fixation. The other examiner stands behind the participant and holds a wooden pole to the side of the participants' body. The test is conducted in two conditions. In the first condition the participant is instructed to look straight ahead (fixation) while in the second condition the participant is instructed to look directly at the pole while grasping. The position of the pole is altered on three axes: height (between elbow and head), distance to the midline (between 30 and 60°) and distance to the body (the participants' arm should not be completely extended). The examiner varies the rhythm in which the pole appears in order to prevent anticipatory responses. The pole is presented in both visual fields and within each field the patient grasps the pole either with the left or with the right hand. In each hand/field combination 10 grasping movements are executed. If fixation is not maintained the number of trials should be increased accordingly. The participant is instructed to grasp the pole with the entire hand in a way that all fingers touch the pole. After each trial the grasping hand should be laid down on the leg in order to guarantee a complete grasping movement each time. If the patient does not move back the hand completely the number of trials should be increased accordingly.

PARTICIPANT INSTRUCTIONS

I am going to hold this pole at the left and right side of your body. You are supposed to grasp the pole with the whole hand in one fluent and uninterrupted movement. I will always indicate the hand that should be used for grasping. After each grasping movement you should place your hand on your leg and start the following movement from there. Start grasping not until you actually see the pole on the side of your body.

Condition 1: Fixation. To start with, you should look straight into the camera and not directly to the pole during the whole grasping condition. I will position the pole first at the right/left side of your body and as soon as you see it you should grasp it with your left/right hand.

Condition 2: Saccades. Now we will repeat the procedure, but this time you do not have to look straight ahead anymore. Instead, you should look directly at the pole. Only start the grasping movement when you can actually see the pole. I will again position the pole first at the right/left side of your body and as soon as you see it you should grasp it with the left/right hand.
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Partial or complete Balint's syndrome is a core feature of the clinico-radiological syndrome of posterior cortical atrophy (PCA), in which individuals experience a progressive deterioration of cortical vision. Although multi-object arrays are frequently used to detect simultanagnosia in the clinical assessment and diagnosis of PCA, to date there have been no group studies of scene perception in patients with the syndrome. The current study involved three linked experiments conducted in PCA patients and healthy controls. Experiment 1 evaluated the accuracy and latency of complex scene perception relative to individual faces and objects (color and grayscale) using a categorization paradigm. PCA patients were both less accurate (faces < scenes < objects) and slower (scenes < objects < faces) than controls on all categories, with performance strongly associated with their level of basic visual processing impairment; patients also showed a small advantage for color over grayscale stimuli. Experiment 2 involved free description of real world scenes. PCA patients generated fewer features and more misperceptions than controls, though perceptual errors were always consistent with the patient's global understanding of the scene (whether correct or not). Experiment 3 used eye tracking measures to compare patient and control eye movements over initial and subsequent fixations of scenes. Patients' fixation patterns were significantly different to those of young and age-matched controls, with comparable group differences for both initial and subsequent fixations. Overall, these findings describe the variability in everyday scene perception exhibited by individuals with PCA, and indicate the importance of exposure duration in the perception of complex scenes.
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INTRODUCTION

Balint's syndrome (simultanagnosia, optic ataxia, and ocular apraxia) is a central feature of the clinico-radiological syndrome of posterior cortical atrophy (PCA; Benson et al., 1988). PCA is characterized by an insidious onset of progressive visual dysfunction associated with parietal, occipital and occipito-temporal atrophy (see Crutch et al., 2012, for a review). Alzheimer's disease is the most common underlying pathology although cases attributable to Dementia with Lewy Bodies and Cortico-Basal Degeneration have been reported (e.g., Renner et al., 2004). In addition to partial or complete Balint's syndrome, prominent cognitive impairments include visuoperceptual and other visuospatial impairments, alexia, Gerstmann's syndrome (acalculia, agraphia, finger agnosia, left–right disorientation), and limb apraxia (O'Dowd and de Zubicaray, 2003; Tang-Wai et al., 2004; McMonagle et al., 2006; Lehmann et al., 2011a). Many of the visual deficits commonly reported in PCA are underpinned by basic visual deficits of elementary form and motion processing (Lehmann et al., 2011a). In contrast to individuals with typical Alzheimer's disease (tAD), episodic memory for verbal material is relatively spared (Mendez et al., 2002; Charles and Hillis, 2005).

Partial or complete Balint's syndrome is a core element of both current sets of diagnostic criteria for PCA (Mendez et al., 2002; Tang-Wai et al., 2004), and constitutes one of the most frequently observed clinical features. A review of 84 reported PCA patients (Mendez et al., 2002) indicated the presence of partial or complete Balint's syndrome in 68% of patients (compared with prominent peripheral alexia in 80%). A subsequent case series of 40 patients found partial or complete Balint syndrome in 88%, with simultanagnosia the most commonly observed component (82%) but only 3 patients (8%) demonstrating a complete Balint syndrome at presentation (Tang-Wai et al., 2004). In keeping with these figures, one recent group study of PCA (N = 39; mean disease duration 3.8 ± 2.1 years) found that 92% of patients exhibited simultanagnosia, 49% optic ataxia, 38% ocular apraxia, and 31% demonstrated a complete Balint's syndrome (Kas et al., 2011). These symptoms were found to be associated with hypo-perfusion of the bilateral dorsal occipito-parietal regions.

Individuals with PCA exhibit a multiplicity of cognitive deficits including a combination of basic and higher order visual deficits. Accordingly, their perception is more in keeping with definitions of simultanagnosia that stress a relative impairment in identifying multiple stimuli and interpreting complex scenes (e.g., Riddoch and Humphreys, 2004) than descriptions which specify normal recognition of individual objects (e.g., Huberle and Karnath, 2010). The influence of stimulus size upon PCA perceptual performance (e.g., Coslett et al., 1995; Stark et al., 1997; Crutch et al., 2011) also permits closer comparison with some accounts of simultanagnosia which suggest a restricted spatial window of visual attention (e.g., Dalrymple et al., 2010, 2011) than others in which size effects are not reported (e.g., Kinsbourne and Warrington, 1962; Huberle and Karnath, 2010; Montoro et al., 2011). It should be noted, however, that with their diffuse bilateral parieto-occipito-temporal cortical atrophy, individuals with PCA may not provide an ideal opportunity for distinguishing the contribution of rapid form perception, spatial attention, and efficient eye movement control to simultanagnosia.

Heterogeneity within the PCA syndrome (e.g., Galton et al., 2000; Lehmann et al., 2011a; Tsai et al., 2011) and discrepancies in visual abilities in different real world contexts mean that, despite our improving characterization of the syndrome, we have little understanding of what the world looks like to someone with PCA. This understanding is further limited by the fact that in order to constrain variables and simplify tasks, most neuropsychological tests of perception involve either isolated objects or simple visual arrays, deprived of contextual information which would normally be available in real world perception. As a result, the consequences of their impairments (measured by specific neuropsychological tests) for everyday visual abilities are not always clear. In the current study we examine the ability of individuals with PCA to categorise scenes relative to single items such as objects and faces (Experiment 1) and to describe what they perceive when viewing a photograph of a real world scene (Experiment 2).

A number of previous investigations have examined the stimulus attributes and cognitive processes required for scene perception. In patients with visual agnosia, spared aspects of basic visual processing (for example, color and texture) can contribute to scene perception, even when object recognition is impaired (Steeves et al., 2004). In healthy controls, the ability to quickly recognize a scene (“scene gist”) is mediated in part by color information when this information is predictive of a scene category, and this can be supported by a coarse organization of color (Oliva and Schyns, 2000). This is consistent with the findings of Steeves et al. (2004) who found the greatest effect of color on control participants' response latencies in a scene categorization task was for natural scenes (a category in which color is diagnostic) rather than man-made (“non-natural”) scenes. Furthermore, whilst unlocalized information such as spatial frequency and orientation distribution may contribute to scene categorization, the ability to process localized information is necessary for successful scene categorization (Loschky and Larson, 2008). In this context, it is of note that an analysis of basic visual function in PCA revealed color processing to be relatively spared compared with aspects of basic form and motion processing (Lehmann et al., 2011a).

Scene perception also appears to rely on a combination of basic visual, visuomotor, and higher order perceptual and executive processes. Comparisons of the eye movements of patients with parietal lesions and healthy controls during scene perception has revealed a common initial fixation pattern which then diverges in later fixations (Mannan et al., 2009). This suggests that in scanning a scene, eye movements are initially driven by low level bottom-up features such as edges and contrast but are also increasingly influenced by the evolving top-down understanding of the scene (Mannan et al., 2009). By contrast, other researchers have argued that top-down processes influence perception throughout the process of scanning a scene (Foulsham et al., 2011). Both these studies included a single patient with PCA; in the current study we compare the two predictions in a group of PCA patients using similar eye tracking measures to evaluate scene scanning (Experiment 3).

Evidence from neuropsychology and functional magnetic resonance imaging (fMRI) demonstrates that visual processing of faces, scenes, and objects are represented in different areas of the brain. For example, single object perception is dependent upon the lateral occipital complex (LOC; e.g., Malach et al., 1995; Grill-Spector et al., 2001), whilst scene perception in general involves the parahippocampal place area (PPA; e.g., Epstein and Kanwisher, 1998; Epstein and Higgins, 2007), and natural scenes in particular the PPA, LOC, and retrosplenial cortex (RSC; Walther et al., 2009). However, PCA patients exhibit a diffuse pattern of parieto-occipito-temporal atrophy undermining the perception of both single and multiple object arrays.

As stated above, the dual aims of the current study were to describe and characterize everyday scene perception in PCA, and to evaluate how similar PCA patients' scan paths are to healthy individuals when viewing complex scenes. The first aim is addressed by a simple categorization task involving subcategory judgements about scenes, faces, and objects (Experiment 1). Our hypothesis is that multi object scenes will be more difficult for patients to perceive than single items. Building on previous work suggesting a particular role for color processing in the perception of natural scenes and evidence suggesting relatively preserved color perception in PCA, it was also predicted that PCA patients would show superior perception of natural scenes under color as compared to black and white presentation. The aim of describing PCA scene perception is also addressed by a qualitative analysis of spontaneous descriptions during scene perception (Experiment 2). In this experiment we hypothesize that PCA patients will describe fewer elements of the scene than controls. The second aim is addressed by examining the eye movements and fixation patterns of PCA patients when viewing photographs of real world scenes (Experiment 3). Drawing on previous eyetracking comparisons of scene perception by visual agnosic and healthy individuals (e.g., Mannan et al., 2009; Foulsham et al., 2011), we tested the hypothesis that PCA scene perception impairments are reflected in aberrant eye movement behavior at both initial and subsequent fixations (in line with Foulsham et al., 2011) rather than a gradual divergence of PCA and control fixation patterns following initial similarities in fixation locus (in line with Mannan et al., 2009).

EXPERIMENTAL INVESTIGATIONS

EXPERIMENT 1—PICTURE CATEGORIZATION

The first experiment used a three alternative forced choice categorization paradigm to test the ability of PCA patients to perceive scenes relative to individual objects and faces.

Methods

Participants. Data were collected from 13 patients [5 male; Mean (SD) age = 65.1 (7.6)] fulfilling standard clinical criteria for PCA (Mendez et al., 2002; Tang-Wai et al., 2004). Ten healthy control participants were also recruited [5 male; Mean (SD) age = 63.3 (4.1)]. This project was approved by the NRES Committee London—Queen Square.

Each patient completed a background neuropsychological assessment including MMSE, recognition memory tests, synonym comprehension, naming, calculation, spelling, visual acuity, basic visual processing, and object and space perception. Patients also completed a color discrimination task. The stimuli (N = 48) were pairs of matte color chips presented adjacently. The colors were selected from the Munsell color system and had fixed value and chroma (6/6). The task was to determine whether the hues in each pair were the same or different. Test scores are shown in Table 1.

Table 1. Background neuropsychological assessment conducted at the time of the experimental investigations.
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Characterization of patient atrophy. 9 controls and 7 patients had a T1 MRI scan within 1 year of psychology testing. T1-weighted volumetric MR brain scans were acquired on a 3.0T Siemens TIM Trio scanner (Siemens, Erlangen) using a magnetization prepared rapid gradient echo (MPRAGE) sequence.

Voxel-based morphometry (VBM) was carried out using SPM8. Scans were segmented into gray and white matter using SPM8's segment toolbox with default settings (Ashburner and Friston, 2005; Weiskopf et al., 2011). Segmentations were produced with rigid alignment to MNI space and resampled to 1.5 mm isotropic voxels for use with DARTEL (Ashburner, 2007). DARTEL then iteratively registered the gray and white matter segments to an evolving estimate of their group-wise average (Ashburner and Friston, 2009). The native space tissue segments were then normalized to MNI space using the DARTEL transformations, modulated to account for local volume changes. A 6 mm full width at half maximum (FWHM) Gaussian smoothing kernel was applied. Total intracranial volume (TIV) for each participant was estimated using Jacobian integration of deformation fields (Ridgway et al., 2011). An explicit mask was applied to include only voxels for which the intensity was at least 0.1 in at least 80% of the images (Ridgway et al., 2009).

A general linear model (GLM) was used to assess group differences in gray matter volume controlling for age, gender, and TIV. Statistical significance of between-group differences was tested using false discovery rate (FDR) correction at p < 0.05. Maps showing statistically significant differences between the control and patient groups were generated. Results are shown in Figure 1 (left hand panel).
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FIGURE 1. Characterization of imaging features of participants in the categorization task. The left-most panel shows difference in gray matter volume between controls and PCA patients. T scores are shown for areas with statistically significant lower gray matter in the patient group compared with controls (FDR corrected at p < 0.05), overlaid on the average T1 image. Images are shown in neurological convention (right on right). Cross hairs indicate t score global maxima. The middle and right panel show individual participants' brain scans registered to MNI space. The PCA patient scan shows reduced gray matter volume (and sulcal widening), particularly in the parietal lobe.



The VBM analysis revealed a small area of significantly greater atrophy in the PCA patient group than the control group in the right parietal lobe [MNI co-ordinates of location of maximum t value (51, −49.5, 51)]. This is consistent with the locus of maximal difference within a much larger area of parietal, occipital, and occipitotemporal volume change and reduction in cortical thickness observed in larger group comparisons of PCA with healthy controls and tAD patients (Lehmann et al., 2011b). There were no areas with significantly greater atrophy in the control group compared to PCA. Visual inspection of patient's brain scans showed atrophy and sulcal widening, greater in posterior areas (see Figure 1, right hand panels).

Stimuli. The stimuli were 180 photographic images drawn equally (n = 60) from the categories of scenes, objects, and faces (see Figure 2 for examples). Each of these categories was formed of two subcategories containing 30 images.
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FIGURE 2. Example stimuli from the emotion and age face, and natural and man-made scene and object categories, in color and in grayscale.



Scenes. Natural (with choices of forest, desert or beach) and man-made (city, market or room) scenes were chosen. These were a selection of items from Google images (http://www.google.co.uk).

Objects. The two subcategories of objects were natural and man made objects. The natural objects were animals (bird, land or sea) and the man made objects were tools, clothes, and furniture. All object stimuli were shown from a canonical view.

Faces. The two subcategories of face stimuli were age and emotion. Age faces were taken from the Centre for Vital Longevity face database (http://agingmind.utdallas.edu/facedb; Minear and Park, 2004) the three choices were from three distinct age groups; young (18–22), middle aged (35–55), and old (75–85) in order to avoid subjectivity in age categorization. All age faces had a neutral facial expression. Emotion faces (happy, sad, and angry) were taken from the NimStim database (http://www.macbrain.org/resources.htm; Tottenham et al., 2009). All images were faces with direction of head and gaze straight ahead, showing the entire face and upper shoulders only.

All photographs were presented in both color and grayscale giving a total of 360 stimuli. The faces had a resolution of 623 × 800 pixels whilst the scenes and object photographs had a resolution of 800 × 800 pixels.

Procedure. Stimuli were presented in subcategory blocks (order: age-faces, emotion-faces, natural scenes, manmade scenes, natural objects, manmade objects) in an ABCDEF FEDCBA design. Each block consisted of 15 color and 15 grayscale stimuli, and within these blocks there were 5 of each of the three choices for that subcategory. The experiment was split into two halves with color condition (color/black and white) varied in an ABBA design: in the first half, 15 color photos were shown before 15 grayscale photos in each block, in the second half this order was reversed.

Stimuli were presented on a Dell laptop using Superlab 4.0 software (Cedrus Corporation) and subtended a visual angle of 23° from an approximate viewing distance of 50 cm. Patients responded verbally. Accuracy was recorded and voice response time was measured manually for each trial. The onset of each stimulus was accompanied by an auditory tone, and response times were defined as the temporal distance between the onset of sound waves corresponding to the stimulus onset and the point at which the utterance (with the correct answer) could be detected, using visually presented waveforms in the digital audio software Audacity (v2.0.2 http://audacity.sourceforge.net/).

Participants were asked to complete a three alternative forced verbal categorization task (e.g., “Is this a forest, a desert or a beach?”). Where necessary, participants were reminded of the choices before trials. Each block of a novel category was preceded by a practice trial to orient the participant to the stimuli. In addition, participants received a definition of the response options in the face condition (young is 18–22 years old, middle aged is 35–55, and old is 75–85), with accompanying example stimuli. Each trial consisted of a blank screen (710 ms), followed by a central fixation cross (180 ms), followed by a photograph stimulus which remained on the screen until the participant responded.

Statistical analyses. Bootstrap confidence intervals (Efron and Tibshirani, 1993) were calculated for the mean error rate by group, stimulus category (and subcategory) and stimulus color. Bootstrapping was used to accommodate both potential non-normality in the distribution of error rates across subjects and heterogeneity of variances by group and category. Bias corrected and accelerated 95% confidence intervals were constructed from 100,000 bootstrap samples. Bootstrap samples were stratified by group and clustered by subject so as to match the design of the study.

Error rate by stimulus category and group was compared using an extension of repeated measures analysis of variance (ANOVA). The extension involved the use of robust [Huber-White; Huber (1967), White (1980)] standard errors. Such an approach assumes normality of residuals but relaxes the assumption of constant residual variance made when using standard repeated measures ANOVA. Additionally, as a check on the robustness of results, an analysis using bootstrap confidence intervals was carried out (thereby also relaxing the normality assumption). Since results were similar using the two techniques, and because joint statistical tests cannot easily be carried out when utilizing the bootstrap, the results with robust standard errors are reported here. For each participant the error rate (percentage error) was computed for each of the combinations of stimulus category and color. Separately for the PCA patients and controls a repeated measures analysis of variance model (with robust standard errors) with color and stimulus category and their interaction as predictor variables was fitted to these counts. To assess the interaction between group and category an additive model was assumed. Robust [Huber-White; Huber (1967), White (1980)] standard errors were computed to allow for potential non-constant residual variance. A three-way model (incorporating all two and three way interactions between group, color, and stimulus category) was also fitted to the data from both groups. The analysis was performed using the xtset and xtgee commands with the robust option in STATA (version 12.1).

The distribution of response times was very skew, so analysis was carried out on the reciprocal of response times, with harmonic means (the reciprocal of the mean of reciprocals) accordingly presented. The mean of the reciprocals of response times, ignoring response times where the response was incorrect, was computed for each of the six stimulus category and color combinations and the same modeling strategy as described above for the error counts implemented.

Discarding response times from trials where the response was incorrect can result in bias. As a check on the robustness of the above results, linear mixed models with crossed random subject and item effects were fitted to the individual (reciprocals of) response times. Although such models can allow for the bias that will occur if some items are simultaneously subject to higher errors and to longer responses, they do make the additional assumptions that item effects are normally distributed and independent of subject effects, and so are not necessarily to be preferred to the simpler models described above.

In the PCA group, pairwise Spearman's correlation coefficients were calculated to assess the association between accuracy in the scene, object, and face conditions, MMSE, disease duration, spelling, calculation, and visual tests from the background neuropsychology assessment.

Categorization results

Results are reported here for overall accuracy and comparison of the main stimulus categories (scenes, faces, and objects). Mean error rate and harmonic mean response times for these categories are reported in Table 2 and Figures 3, 4.

Table 2. (A) Mean error rate for controls and PCA patients by stimulus category; (B) Harmonic mean response times (s) for controls and PCA patients by stimulus category.
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FIGURE 3. Mean error rate (percentage error) for controls and PCA patients by stimulus category. Error bars show 95% bias corrected and accelerated bootstrap confidence intervals (100,000 replications). See Table 2 for a table of means.
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FIGURE 4. Harmonic mean response times (s) for controls and PCA patients by stimulus category. Error bars show 95% bias corrected and accelerated bootstrap confidence intervals (100,000 replications). See Table 2 for a table of harmonic means.



Stimulus category and color results: error rate. Patients with PCA showed a greater error rate than healthy controls in each of three categories (p < 0.001 for scenes, objects, and faces).

In PCA patients, response accuracy differed significantly between stimulus categories (p < 0.001, joint test; see Figure 3). The error rate was greatest for faces (p = 0.008 for comparison with scenes and p < 0.001 for comparison with objects) and next greatest for scenes (p < 0.001 for comparison with objects). There was also evidence among the patients that the error rate was greater for grayscale than color stimuli (p = 0.02). There was no evidence of an interaction in the effects of stimulus category and color (p = 0.17, joint test).

In controls, the error rate was low and there was no statistically significant effect of color (p = 0.42) or stimulus category (p = 0.08, joint test). Controls made fewer errors for objects than faces (p = 0.03) but differences between faces and scenes (p = 0.31), and scenes and objects (p = 0.49) were not statistically significant.

In a joint model comparing PCA cases with controls, the differing effects of color (p = 0.03) and stimulus category (p < 0.001, joint test) between the groups were both statistically significant.

Stimulus category and color results: response time. Patients with PCA had longer response times than healthy controls in each stimulus category (p < 0.001 for scenes, objects, and faces).

Analysis of PCA patients' response times revealed further evidence of differences between stimulus categories (p < 0.001, joint test; see Figure 4). Response times were longest for scenes (p < 0.001 for comparison with objects and p < 0.001 for comparison with faces), and next greatest for objects (p < 0.008 for comparison with faces). Directionally there was a suggestion of shorter response times for grayscale faces and objects compared with color, but of longer response times for grayscale scenes compared with color (see Figure 4). However, there was no statistically significant evidence that response times differed for grayscale and color stimuli (p = 0.70) nor of an interaction between color and stimulus category (p = 0.23, joint test).

In controls there was evidence of differences between stimulus categories (p < 0.001, joint test). Response times were longer for scenes than objects (p < 0.001) and longer for faces than objects (p = 0.01), but times for faces and scenes were similar (p = 0.55). There was again no statistically significant evidence of an interaction between stimulus category and color (p = 0.18, joint test), but otherwise the pattern was rather different. Although the magnitude of the effect was small, response times were significantly shorter for grayscale than color images (p < 0.001).

In a joint model comparing PCA cases with controls, the differing effects of stimulus category (p < 0.001, joint test) and of color (p = 0.01) between the two groups were both statistically significant, showing a greater effect of color (color slower than grayscale) in the control than PCA group. In the scenes category, the interaction between color effects (grayscale vs. color) and group (patients vs. controls) was statistically significant (p = 0.02), whereas for objects and faces this comparison was not significant (p = 0.31 and p = 0.11, respectively).

Analysis of the reciprocals of the individual response times, using a linear mixed model with crossed random effects for participant and item, gave similar results to the above.

Figure 5 shows scatter matrices of response time and accuracy for patients, suggesting that performance across categories is related.
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FIGURE 5. Scatter matrices for mean inverse response time (irt) and sum of errors in the patient group, plotting performance in the three stimuli categories against one another.



Relationship of categorization performance with background tests of visual function. In an analysis restricted to the patient group, there were statistically significant pairwise associations between accuracies on the scenes, objects, and faces components of the categorization task (see Table 3 for Spearman correlation coefficients and p-values). There were also statistically significant Spearman correlations showing greater error rate in categorization of all three categories was associated with poorer performance on background tests of early visual function (figure-ground discrimination), visuoperceptual processing (fragmented letters, object decision) and visuospatial processing (number location). Greater accuracy for scene and object categorization was associated with better performance in the color perception task. There was no evidence for an association between categorization performance and tests of non-visual parietal function (calculation and spelling), or disease severity (MMSE score and estimated disease duration), with the exception of a weak association between disease duration and object categorization accuracy (p = 0.049).

Table 3. Spearman correlations between error rate (percentage error) on the categorization tasks and neuropsychology tests.
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Stimulus subcategory results

Owing to the focus in the current paper on scene processing, the face and object subcategory results are not reported here. Mean error rate and harmonic mean response times for the scene subcategories are presented in Table 4.

Table 4. Mean error rate (percentage error) and harmonic mean response times (s) for controls and PCA patients in the scene subcategories.
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Error rate. There was no statistically significant difference in the error rates between natural and manmade scenes (p = 0.12) or color and grayscale stimuli (p = 0.29). Mean control error rates were very low (ranging from 0 to 1.67%, resulting in low statistical power. For this reason subcategory error analysis in controls is not presented.

Response time. PCA patients were slower for natural than manmade scenes (p < 0.001), and also slower for grayscale than color scenes although this difference was not statistically significant (p = 0.27). There was also evidence of an interaction between color and subcategory (p = 0.037). Controls were also significantly slower for natural scenes (p = 0.01), but conversely also slower for color than grayscale stimuli (p = 0.002) [with no evidence for an interaction (p = 0.21)]. The interaction between stimulus subcategory and group was not statistically significant (p = 0.89).

Comment

PCA patients' categorization performance was impaired not just for scenes but for all categories. There were discrepancies between categories in terms of accuracy and response time, with patients being least accurate with faces (faces < scenes < objects) but slowest with scenes (scenes > objects > faces). High correlations both between categories and between categorization performance and tests of basic visual function are consistent with the widespread visual dysfunction previously reported in PCA. PCA patients showed a relative advantage for color stimuli in terms of both overall accuracy and response time, but these effects were relatively modest.

EXPERIMENT 2

The response times and error rates collected in Experiment 1 provide information about the relative ease or difficulty with which participants perceive different categories of visual stimuli. However, in order to answer the more qualitative question of what the world looks like to individuals with PCA, it is necessary to evaluate their subjective experience of viewing real world scenes. In Experiment 2, the same participants viewed 12 scenes and were simply asked to describe what they saw.

Methods

All patients from Experiment 1 and 5 controls completed the scene description task. The stimuli were 12 previously unseen photographs of scenes, comprising both natural and manmade scenes. Stimuli had a resolution of 800 × 800 pixels and were presented on a Dell laptop using Superlab 4.0 software (Cedrus Corporation) subtending a visual angle of 23° from an approximate viewing distance of 50 cm. The scenes were displayed sequentially under free viewing conditions for an unlimited period. Participants were encouraged to describe each scene for around 30 s, or until they had finished describing what they could see. Descriptions were recorded using a digital voice recorder.

Responses were transcribed and content words extracted, allowing a list of the described features to be made for each scene and each participant. A list of control features was defined for each stimulus, with an item being added to the list if described by more than one control. Each participant's description was then quantified by the percentage of these features that were given. The number and type of errors made by each participant—defined as features which were inaccurate or inappropriate to the viewed scene—were extracted.

Results

On average, only 40% (SD = 16.9%) of items on the control feature list were described by patients [controls described 72.8% (SD = 10.3%) of those features]. Whilst only one error was made by a control participant (mistaking a microwave for a TV), 6/13 (46%) of PCA patients made errors. Misperceptions of objects or parts of the scene were most frequent, accounting for 15/31 (48%) errors made by patients. These errors were always consistent with the patient's overall impression of the scene. Examples include mistaking fruit and vegetables for flowers in the context of a market scene, and mistaking a round sign for a satellite dish (whilst perceiving the scene as a town center). Some global misperceptions were made (n = 12), such as saying a desert was a beach (the sky was misperceived as the sea coming in), or mistaking a family kitchen for a cafe.

One patient made errors of familiarity, claiming that 2 of the 12 scenes were in their local town, whilst another made a left-right error, reporting a door was on the left when it was on the right of a room. It is not clear whether the latter error reflects left-right spatial disorientation or incorrect word retrieval. Whilst some errors were quickly retracted “That's more residential. No it isn't, that's shops,” others persisted and seemed to influence further description; looking at a mother preparing breakfast for two children in a domestic kitchen, one patient said “they're in a cafe… at the seaside… having a cup of tea… that's the waitress.”

Comment

The two main findings from this scene description task are that misperceptions were consistent with the perceived theme of a scene and that uncorrected misperceptions seem to influence further apprehension of the scene. Taken together, the observations suggest that scene perception in PCA, at least under unlimited presentation conditions, continues to be influenced by active, top-down strategies.

EXPERIMENT 3—EYE TRACKING DURING SCENE PERCEPTION

Eye tracking has been used to investigate fixation patterns during scene perception in two individuals with PCA (e.g., Foulsham et al., 2009, 2011; Mannan et al., 2009). These case studies have demonstrated differences in the location of fixations made by patients with visual agnosia and healthy controls, with the interpretation that patients show an increasing reliance on saliency-based information to guide how they view a scene. In light of the findings of Experiment 2 indicating a continued influence of top-down strategies during scene identification, here we investigated whether such differences in fixation locations were present between a group of PCA and a group of age matched controls, relative to a group of young controls.

Methods

Participants. Data were collected from 7 PCA patients [5 males; Mean (SD) age = 63.1 (7.2)], 6 healthy age matched controls [4 males; Mean (SD) age = 62.8 (10.7)] and a group of 17 young controls [5 males; Mean (SD) age = 33.8 (10.1)].

Stimuli. The stimuli were 10 color photographs of scenes, such as a beach, a living room and a forest path. The stimuli had a resolution of 800 × 600 pixels and were taken from Google images. The first two patients and controls tested viewed only 5 of the scenes.

Procedure. Stimuli were presented on an 17” Acer monitor using SR Research Eyelink Experiment Builder software (SR Research Ltd., Osgoode, ON, Canada) and subtended a visual angle of 23° from an approximate viewing distance of 50 cm. A free viewing paradigm was used. Each picture was presented for 5 s, following a drift-correct stimulus. The participant was instructed to view the picture in a natural way, as if looking at a postcard. Participants were not asked to name or describe the scenes.

Eye movements were recorded using the head-mounted Eyelink II system, an infrared video-based eye tracker. The Eyelink II recorded gaze location at 250 Hz, and corneal reflection was used where possible in order to improve stability. Fixations and saccades used in the present analysis were parsed by the Eyelink system using standard velocity and acceleration thresholds (30°/s and 8000°/s2). Five point calibration was carried out at the start of the experiment, and a single point drift-correct was carried out prior to each trial. Blinks were identified and removed using Eyelink's automated blink detection.

Analysis. The duration of fixations and saccade amplitude were compared between patients and controls using a linear regression model with robust (Huber-White) standard errors that took account of the multiple measurements from each participant. Due to non-normality of the distribution of fixation duration and saccade amplitude, the linear regression was carried out on a log-transformation of the data.

Fixation duration maps were created for each scene from the fixations of the 17 young controls. These were generated using Eyelink Data Viewer software (version 1.11.1) with default settings. This applies a smoothing kernel of 1.5 degrees of visual angle over all fixations to create a fixation duration heat map. A fixation duration cut off was defined as the value giving the greatest area under the curve in a receiver operator characteristic curve analysis separating the young control from the PCA group. This cut off was used to make a region of interest (ROI) for each scene.

The proportion of fixations within this ROI for each fixation was calculated for each group. The first fixation was omitted from this analysis as it was predetermined by a central drift correction at the start of each trial. The next six fixations were used, as this was the maximum number of fixations available over all participants. These fixations were split into three time periods “early” (fixations 2 and 3) “middle” (4 and 5) and “late” (fixations 6 and 7).

A logistic regression model fitted using generalized estimating equations [GEE; Liang and Zeger (1986)] to allow for the multiple measures per subject was used to investigate the effects of group and time period and their interaction upon the binary variable indicating whether the fixation was inside or outside the control-defined ROI. The GEE model used a working assumption of independence and robust standard errors were used for inferences.

Results

Descriptive statistics of fixation duration and saccade amplitude in each group are presented in Table 5.

Table 5. Mean and standard deviation of fixation duration and saccade amplitude for each participant group.
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There was no statistically significant evidence for a difference in saccade amplitude between patients and age-matched controls (p = 0.16) or a difference in fixation duration between patients and age matched controls (p = 0.89).

The proportion of fixations inside the young-control defined ROI for the age-matched control group and PCA group in the three time periods is shown in Figure 6, and was significantly lower in PCA patients than age-matched controls (p = 0.047).
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FIGURE 6. Proportion of fixations inside the young control defined region of interest, by time period. The first fixation is omitted as it is predetermined by a central drift correction at the start of each trial. Error bars show standard error.



Investigating differences over the three time periods between PCA patients and age-matched controls, there was a significant effect of time period, such that later fixations were less likely to be inside the ROI (p < 0.001), but there was no evidence that the magnitude of this effect differed between groups (interaction of time period and group; p = 0.36).

Comment

These results confirm previous evidence of significant differences in the fixation patterns of PCA patients and healthy control when viewing scenes. However, the results differ from the previous case studies (Mannan et al., 2009) in that there was no evidence for an increased difference in the location of fixations between patients and controls at later time periods. The comparability of group differences at both initial and subsequent fixations may be consistent with the notion that top-down strategies have an influence upon performance at even the earliest stages of scanning the scene (Foulsham et al., 2011).

GENERAL DISCUSSION

This paper presents results from three experimental paradigms investigating scene perception in people with Posterior Cortical Atrophy—categorization, description, and eye tracking. These individuals exhibit a complex visual disorder including partial or complete Balint's syndrome, but to our knowledge, this is the first group study to systematically examine the effect of PCA upon scene perception.

Summarizing the results, in Experiment 1 PCA patients made more errors and were slower to categorize all stimuli than age-matched healthy controls. PCA patients and controls were both most accurate for objects (PCA accuracy: faces < scenes < objects; Control accuracy: faces = scenes, objects = scenes, faces < objects). By contrast, response time analyses showed PCA patients were slowest to respond to scenes with controls slower for scenes and faces than objects (PCA response times: scenes > objects > faces; Control response times: scenes and faces > objects). Comparing performance on color and grayscale stimuli, PCA patients showed a relative advantage for color stimuli in terms of both overall accuracy and response time. Examining these interactions separately for the three stimulus categories, the only significant interaction between group and color was observed in response times to scenes. Consistent with previous evidence that basic visual processing deficits underpin higher order perceptual and spatial deficits in PCA, patients showed strong correlations between tests of basic visual function and categorization performance. In Experiment 2, scene description revealed a lack of detail in participants' description of scenes with fewer features described and many more misperceptions made by patients than controls. Importantly, perceptual errors were always consistent with patients' overall impression of the scene theme, and in some cases appeared to influence subsequent interpretation of the scene. Finally in Experiment 3, eye tracking revealed that the location of patients' fixations deviated from those made by age-matched controls. There was no evidence of a significant interaction between group and time period, with group differences being comparable at both initial and subsequent fixations.

Considering first the categorization task (Experiment 1) which aimed to provide a broad description of scene perception in PCA, the main observation was that scene categorization was in fact more accurate, although slower, than face perception. The contrast between less accurate face categorization but slower response times with scenes may reflect a speed accuracy trade-off. Complex scenes take more time to process but contain multiple cues to a common scene theme which constrains errors. By contrast, faces have fewer distinguishing features (at least fewer features relevant to the emotion and age categorization of unfamiliar faces involved in Experiment 1), so responses may be faster but perceptual errors have a greater effect upon overall response accuracy. The importance of exposure time is recognized in some models of simultanagnosia (e.g., Henderson and McClelland, 2011), and may explain some of the variability in PCA real-world perceptual performance; unlike in the current task where stimulus exposure was unlimited, many goal-directed behaviors in everyday life occur at a pace which does not allow for PCA patients' slowed processing of the surrounding visual environment.

A number of observations may shed light on how components of Balint's syndrome influence PCA patients' ability to perceive real-world scenes. Both PCA patients and controls responded more slowly to natural than manmade scenes, likely reflecting the different perceptual demands created by such stimuli (at least in the context of the current categorization task). Many natural scenes require integration of a number of spatially separate features. For many man-made scenes however, the global ecological properties of the scene may be more diagnostic (see Greene and Oliva, 2009). For example, greater openness, expansion, and mean depth suggest a city, whilst low rankings of these properties suggest a room. Furthermore, there was also a lower density of features in the natural scene stimuli, whilst manmade scenes were more likely to contain a number of identifying features (e.g., car—city, desk—room, fruit—market). If natural scenes have more sparse features, this may place greater demands on spatial attention and localization skills to direct gaze toward the key diagnostic features within a scene. In addition, the interaction between group and color showing relatively better patient performance with color than grayscale scenes may reflect the fact that natural scenes have more prototypical and consistent color, and color may be more diagnostic for natural than manmade scenes (see Oliva and Schyns, 2000).

Strong associations between tests of basic visual function and categorization, but not MMSE or disease duration, suggest that patients' performance in categorization of scenes objects and faces is underpinned at least to some extent by impairments in more basic visual processes. This is consistent with a previous study of basic visual processing in people with PCA, which found impairments in at least one out of five tested aspects of basic visual processing (form detection, form discrimination, color discrimination, motion detection, and point localization) in each individual with PCA (Lehmann et al., 2011a). The finding from Experiment 1 that overall patients were more accurate when categorizing color compared to grayscale stimuli, is also consistent with evidence from the Lehmann et al. (2011a) study that color processing was marginally less impaired than other aspects of early visual processing in PCA.

Turning to the free scene description task (Experiment 2), PCA patients named fewer features and made more misperceptions than controls. In some cases, scene identification was a slow, cumulative process, with theories regarding the global theme of the scene evolving with (or being driven by) the gradual acquisition of more local information. For example, when viewing a picture of Brighton Pier, one patient said “it looks like a park…or a station…or a building site…looks like the thing they're trying to elect [sic] for the Olympics…or it could be the beach…down here looks a bit sandy…looks like Brighton or somewhere like that”. However, in other cases, the participant would describe the global identity immediately, and then this identity (whether correct or incorrect) would influence the subsequent description of features within the scene based on expectation rather than perception (e.g., “Seaside…pier…people on the beach…there'll be children about somewhere…pier going out…they always have something on the pier don't they—a restaurant or playhouse”). It was notable that misperceptions were consistent with the perceived theme of a scene and that uncorrected misperceptions seemed to influence further apprehension of the scene.

As noted above, the consistency between PCA patients' local perceptual errors and global scene apprehension observed in the majority of scene descriptions in Experiment 2 hints at the influence of executive control. This possibility was addressed further using eye tracking measurements of scene perception (Experiment 3). The locations of patients' fixations were compared to those of controls using a control-derived ROI. Using a different metric, Mannan et al. (2009) have previously reported one PCA patient and one individual with recurrent posterior cortical hemorrhages who showed similar locations of fixation to controls for the first few fixations of each trial, with patients' locations deviating from those that were made by controls at later fixations. They suggested that initial saccades were driven by bottom-up features, and did not differ between patients and saccades, whereas patients' later fixation locations differed from those of controls due to employment of goal-driven mechanisms. However, an alternative pattern of data in which there was no significant deviation of patient and control fixation patterns between initial and subsequent fixations has also been reported and interpreted as suggesting the involvement of top-down processes from the earliest stages of scene perception (Foulsham et al., 2011). In the present group study, there was no significant interaction between group and time period. These data are more in keeping with those reported by Foulsham et al. which have been interpreted to suggest that patients with parietal damage do engage, or at least attempt to engage top-down strategic control of scanning when presented with an unfamiliar scene. However, scanning behavior is influenced by multiple factors and PCA patients have widespread damage to visual, attentional, and executive networks so the current experiment must be regarded as a preliminary investigation of scene perception in PCA. Identification of specific factors driving abnormalities in PCA scene perception and scanning behavior will require direct comparisons with healthy controls using stimuli which selectively manipulate different scene attributes (e.g., stimulus visibility). It should also be noted that a number of patients made fixations to uninformative parts of the scene, without having fixated details that were commonly fixated by controls. This suggests poor eye movement control and/or an inability to follow a successful scanning strategy to elicit the details of the scene. A more detailed study of the abilities of PCA patients in fixation stability and the ability to make saccades of normal amplitude is needed in order to understand whether more basic aspects of eye movement control contribute to their fixation locations when viewing scenes.

It is worth noting that the findings of the present study may not be specific to PCA. Similar deficits could occur in typical AD, other degenerative disorders, or in patients without a degenerative disease, but with isolated lesions of the visual cortices. Finally, several potential weaknesses of the current study are worthy of consideration. First, differences in the accuracy and speed of response to different stimulus types (scene vs. face vs. object) could reflect differences in depth of categorization (and associated semantic and executive demands). For example, the scene categories are broad and simple, whilst the face categories are relatively more fine-grain. Whilst mistaking a middle aged for an old face might be regarded as a minor error, mistaking a desert for a beach might seem a more glaring error, so inducing participants to be slower and more cautious in providing the correct response for scenes. Second, the description of scenes task (Experiment 2) placed a significant linguistic demand upon participants. Given recent evidence of a mild logopenic phonological aphasia with prominent anomia in PCA (Crutch et al., 2013), the features listed by patients may be an underestimate of their true perceptual achievements, although the targets of any descriptions which contained phonological errors or were circumlocutory in nature were included in the analysis. Third, differences between the task demands in the current task (free viewing) and previous studies (e.g., Mannan et al., 2009, required participants to describe each scene following stimulus presentation) may have contributed to subtle differences between the fixation patterns reported (i.e., the interaction between time period and group found in Mannan et al. but absent in the current study). The investigation of this issue may be limited by small sample sizes in both the current and previous studies.

Our findings demonstrate that whilst perception of scenes is impaired in PCA (and slower compared to other stimulus categories), patients' perceptual deficits are due to a combination of higher order and more basic visual deficits, and should be considered in the context of diffuse bilateral parieto-occipito-temporal atrophy. Direct comparison of PCA and control scene perception and scanning behavior using stimuli which selectively manipulate different image properties will be required to quantify the relative contribution of top-down and bottom-up processes to determining how much PCA patients are able to perceive of the world which surrounds them.
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The legend of Figure 6 is labeled incorrectly. Contrary to the legend, the blue bars refer to “Age Matched Controls” and the red bars refer to “PCA.” The results as described in the main text remain unchanged.

The corrected version of Figure 6 is presented below:
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FIGURE 6. Proportion of fixations inside the young control defined region of interest, by time period. The first fixation is omitted as it is predetermined by a central drift correction at the start of each trial. Error bars show standard error.
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Posterior Cortical Atrophy (PCA) is a rare clinical syndrome characterized by the predominance of higher-order visual disturbances such as optic ataxia, a characteristic of Balint's syndrome. Deficits result from progressive neurodegeneration of occipito-temporal and occipito-parietal cortices. The current study sought to explore the visuomotor functioning of four individuals with PCA by testing their ability to reach out and grasp real objects under various viewing conditions. Experiment 1 had participants reach out and grasp simple, rectangular blocks under visually- and memory-guided conditions. Experiment 2 explored participants' abilities to accurately reach for objects located in their visual periphery. This investigation revealed that PCA patients demonstrate many of the same deficits that have been previously reported in other individuals with optic ataxia, such as “magnetic misreaching”—a pathological reaching bias toward the point of visual fixation when grasping peripheral targets. Unlike many other individuals with optic ataxia, however, the patients in the current study also show symptoms indicative of damage to the more perceptual stream of visual processing, including abolished grip scaling during memory-guided grasping and deficits in face and object identification. These investigations are the first to perform a quantitative analysis of the visuomotor deficits exhibited by patients with PCA. Critically, this study helps characterize common symptoms of PCA, a vital first step for generating effective diagnostic criteria and therapeutic strategies for this understudied neurodegenerative disorder.
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INTRODUCTION

Posterior Cortical Atrophy (PCA) is a rare clinical syndrome characterized by prominent higher-order visual dysfunction, preserved memory and reasoning, and an insidious, often presenile onset (Zakzanis and Boulos, 2001; Mendez et al., 2002). The syndrome results from progressive cortical neurodegeneration that primarily targets occipital, parietal, and posterior temporal cortices. In the majority of cases, Alzheimer's pathology is the underlying cause, but cases have been documented as a result of corticobasal degeneration, dementia with Lewy bodies, and prion diseases such as Creutzfeldt-Jakob disease (Renner et al., 2004; McMonagle et al., 2006). Despite its close pathological connection to typical Alzheimer's disease (tAD), anatomical scans reveal a unique and distinguishable pattern of regional degeneration in individuals with PCA compared to those with tAD (Benson et al., 1988). Specifically, PCA patients show predominant areas of atrophy and hypometabolism extending from the primary visual cortex through the dorsal visual association cortex (Nestor et al., 2003; Whitwell et al., 2007). PCA also affects posterior regions of the temporal lobes, although this atrophy is comparable to that seen in cases of tAD (Whitwell et al., 2007). Due to PCA's progressive nature, patients will often experience more generalized cognitive losses later in the disease as atrophy spreads to anterior regions of the brain. Indeed, recent studies suggest that the clinical presentations of tAD and PCA may converge in later stages (Lehmann et al., 2012).

The most common symptoms of PCA include alexia, apperceptive visual agnosia, Balint's syndrome (simultanagnosia, optic ataxia, and ocular apraxia), Gerstmann's syndrome (agraphia, acalculia, left-right confusion, and finger agnosia), ideomotor apraxia, anomia, and visual field deficits. Less common symptoms, such as spontaneous Parkinsonian symptoms and visual hallucinations, may develop later in the disorder and may be indicative of a specific underlying pathology or diagnosis, such as dementia with Lewy bodies (Tang-Wai et al., 2003, 2004; McMonagle et al., 2006). As a predominant characteristic of Balint's syndrome, visuomotor deficits were an important feature of Benson et al.'s initial description of PCA in 1988, and disturbances in visuomotor functioning continue to be frequently reported as part of this disorder (e.g., Tang-Wai et al., 2003; Caine, 2004). The exact frequency of visuomotor disturbances in PCA is unknown, but some idea of its prevalence can be gleaned from previous group studies. For example, Mendez et al. (2002) reported the presence of optic ataxia in 11 of their 15 PCA patients, while Tang-Wai et al. (2004) observed optic ataxia in 10 of the 40 individuals they tested. The commonality of visuomotor dysfunction in cases of PCA is hardly surprising, however, when we consider that optic ataxia has been suggested as a defining symptom of the disorder and is often used as a key factor in diagnosing an individual with PCA.

Initially described by Balint in 1909, Balint's syndrome consists of simultanagnosia, optic ataxia, and ocular apraxia, which occur as a result of large legions in posterior parietal cortex (PPC). Patients with optic ataxia often demonstrate an inability to execute accurate visually-guided goal-directed reaching and grasping movements despite being free of impaired visual acuity or visual field deficits and having intact primary sensory and motor systems (Karnath and Perenin, 2005). Visuomotor deficits are apparent in both the proximal and distal components of grasping movements, including: prolonged movement times (Binkofski et al., 1998), inaccurate reaches to visual targets (Cavina-Pratesi et al., 2010), a disturbance or complete lack of in-flight hand shaping for object size (Jakobson et al., 1991), an inability to make fast corrective movements while reaching to perturbed stimuli (Grea et al., 2002), abolished implicit obstacle avoidance (Schindler et al., 2004), and inappropriate wrist-orientation for the task demands (Perenin and Vighetto, 1988). Optic ataxia can result from unilateral parietal damage to either hemisphere, with the resulting visuomotor problems primarily affecting the contralesional hand and the contralesional visual hemifield. Alternatively, optic ataxia can result from bilateral damage, with both hands and both hemifields being affected (Karnath and Perenin, 2005).

The areas of cortex surrounding the intraparietal sulcus (IPS) that are known to be damaged in cases of optic ataxia make up part of a neural network that is responsible for the visual guidance of our fast and accurate interactions with the objects around us. The two-stream theory of visual processing labels this pathway as the dorsal stream, since visual information projects dorsally from primary visual cortex to parietal association cortex (Ungerleider and Mishkin, 1982; Goodale and Milner, 1992). This dorsal pathway allows for the conversion of incoming visuo-spatial information into a body-centric coordinate system, as well as for the planning and coordination of object-interactive movements. In contrast, the ventral stream of visual processing, which projects from the occipital lobe into posterior temporal cortex, is responsible for the identification and recognition of objects. Specialized areas in this pathway, such as inferior temporal (IT) cortex, allow for the integration of visual information into a vivid and robust representation of an object. The ventral stream also prepares these object “percepts” for long-term storage and later retrieval from memory. Although the dorsal and ventral streams are functionally and architectonically distinct, they are highly interconnected and share large amounts of information (e.g., Ramayya et al., 2010).

Milner et al. (2003) demonstrated that a select few optic ataxic patients, who cannot properly scale their grip during visually guided movements, show a paradoxical improvement in their performance when vision is removed and a delay is introduced between object viewing and movement execution. A number of groups have shown that introducing a delay into a pointing task produces a similar improvement in pointing accuracy for optic ataxic patients (Milner et al., 1999a, 2001; Revol et al., 2003; Himmelbach and Karnath, 2005). It has been suggested that this change in behavior results from a shift in the neural control of the action from real time visuomotor control systems in the dorsal stream to stored perceptual object representations in the ventral stream (Milner et al., 2003). This theory has been supported by complementary evidence from experiments involving DF, a patient with profound perceptual deficits due to bilateral damage to her ventral stream (Milner et al., 1991; Murphy et al., 1998). Even though DF can perform a real time grasping task without problem (Goodale et al., 1991, 1994), her ability to properly scale her grip when performing a grasp following a delay is almost completely nonexistent (Goodale et al., 1994). Similarly, DF produces much larger errors than controls when pointing after a delay compared to her excellent performance on the same task in real time (Milner et al., 1999b). It should be noted that DF also exhibits considerable atrophy in some areas of her parietal lobes, including regions of her left-hemisphere thought to control reaching and grasping functions (James et al., 2003). James et al. (2003) suggest that DF's relatively preserved visuomotor abilities may be a result of a reorganization of reach- and grasp-related functions to the right hemisphere, as suggested by significant ipsilateral activation during right handed reaching.

Even with bilateral lesions, individuals with optic ataxia usually exhibit reaching and grasping deficits only when performing tasks in their peripheral visual fields. In other words, when allowed to orient their eyes toward a target, patients' visuomotor performances are often no different from those of controls (Himmelbach et al., 2006). Although this pattern of behavior is the most common consequence of optic ataxia (Buxbaum and Coslett, 1997), it is not always the case; patients with optic ataxia have been known to demonstrate deficits in reaching and grasping under foveal guidance (Perenin and Vighetto, 1988; Binkofski et al., 1998). Additionally, it has been documented that patients who show reaching mislocalizations due to damage to posterior parietal brain areas—both from acute injuries as well as degenerative disorders—often demonstrate a reaching bias toward the point of fixation when confronted with targets located in their visual peripheries (Ratcliff and Davies-Jones, 1972; Carey et al., 1997; Jackson et al., 2005). Meanwhile, there is evidence that normal controls show the opposite behavior—a horizontal “overshoot” away from the point of fixation (Henriques et al., 1998; Henriques and Crawford, 2000; Khan et al., 2004).

Although many studies have explored the prevalence and presentation of the key symptoms of PCA, a quantitative investigation into the visuomotor functioning of individuals with the disorder has yet to be performed. Instead, the presence of optic ataxia in cases of PCA has predominantly been identified based on qualitative observations of misreaching (e.g., Goethals and Santens, 2001; Mendez et al., 2002). The main goal of this study was to perform a detailed quantitative analysis of the grasping abilities of a small group of patients with PCA. Specifically, we sought to determine whether the visuomotor deficits that arise because of PCA are similar to those previously documented as a result of optic ataxia due to alternate pathological processes. Experiment 1 was designed to first measure the kinematics of reaches made by individuals with PCA to simple, symmetrical objects at midline under free-viewing conditions. Subsequently, Experiment 1 sought to test whether these same individuals show any reduction or improvement in grasping performance following the introduction of a delay between object presentation and a reach-to-grasp movement. Given the wide-ranging perceptual problems in PCA, we hypothesized that our PCA patients' reaching and grasping performance would not improve following a delay. Experiment 2 sought to investigate whether individuals with PCA show similar visuomotor impairments to other patients with optic ataxia when reaching for objects located in their peripheral visual fields. Based on previous qualitative reports of peripheral pointing errors in individuals with PCA, we expected to see peripheral reaching and grasping errors. However, the exact manifestations of these errors were of interest, as were the quantitative analyses of reach trajectories to objects at midline.

MATERIALS AND METHODS

STATEMENT ON ETHICS

Procedures were reviewed and approved by the Human Research Ethics Board at the University of Manitoba.

PARTICIPANTS

Patient information

Four individuals with PCA were recruited for the current study. All four individuals received their diagnosis from a local neurologist (P.S.) based on cognitive and perceptual testing combined with structural imaging data (Figure 1). All participants had normal or corrected-to-normal visual acuity, as determined by either their neuro-opthalmologist or optometrist. Participants underwent an initial battery of basic visual, motor, and cognitive tests. A basic Edinburg handedness inventory (Oldfield, 1971) was run to determine hand-dominance. Visual perception was evaluated using a number of established tests: Benton face task (Oxford University Press, New York, NY), Benton Visual Form Discrimination task (VFDT; Oxford University Press, New York, NY), Benton Line Orientation task (Oxford University Press, New York, NY), and the Boston naming task (Pro-ed, Austin, TX). Custom made tasks for “object counting” and “object naming” were also run. Together, these tasks provided a reasonable account of participants' perceptual abilities—from basic shape discrimination to more complex face perception.
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FIGURE 1. Cortical thickness map obtained in the four patients with PCA. Maps are overlaid on inflated brains, so as to display thickness of cortex in sulci. A color spectrum was applied with yellow (5 mm) and red (greater than 2 mm) indicating areas of thicker cortex and gray indicating thin cortex (less than 2 mm).



Two tests of reaction time were administered as measures of psychomotor processing speed (Salthouse, 2000): a repetitive finger tapping task (Veeder-Root, Hartford, CT) and a simple reaction time task. The reaction time task was custom made and programmed in E-Prime software (Psychology Software Tools, Pittsburgh, PA). Basic cognitive abilities were assessed using the Mini Mental State Examination (MMSE; Folstein et al., 1975) and the Dementia Rating Scale (DRS-2; Psychological Assessment Resources, Lutz, FL). A summary of the results of these tests can be found in Table 1.

Table 1. Demographic information and behavioral scores of four patients with PCA.
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To examine the extent and distribution of atrophy in all of the PCA patients, MRI scans were performed and analysed for each patient individually. Thickness maps were rendered onto an inflated brain template to reveal measurements of cortex in the sulci (Figure 1). A color spectrum was applied with yellow indicating areas of thicker cortex (5 mm) and gray indicating thin cortex (less than 2 mm). For additional methodological details, please see accompanying paper (Meek et al., 2013).

Patient RB. RB is a 76 year-old female who first demonstrated symptoms of PCA three to four years prior to testing. These difficulties initially manifested as trouble recognizing recent photographs of family members and friends, but soon progressed to visual color disturbances and more severe issues with face and object recognition. RB received a diagnosis of probable PCA based on the following clinical observations: intact memory and executive functioning (as determined by MMSE and DRS-2), prosopagnosia, visual object agnosia, simultanagnosia, mild hemispatial neglect, achromatopsia, constructional apraxia, alexia, agraphia, and elements of Gerstmann's syndrome. Additionally, SPECT scans revealed moderate hypoperfusion in the right parietal lobe, extending to the posterior temporal lobe, with milder changes in the left parietal area. Hypoperfusion was also present in the IT cortex, extending to the angular gyrus on the right side. MRI scans revealed very mild diffuse cerebral atrophy. RB shows evidence of bilateral upper quadrantanopia, which is more pronounced in the right visual field.

Patient MTB. MTB is a 67 year-old female who started to develop problems with her vision and motor coordination almost 8 years prior to testing. Since then, her visual and motor problems have progressed to the point where she no longer reads for pleasure or operates a vehicle. She has difficulty discriminating right from left, and has developed an unsteady gait. MTB is still able to read using a restricted set of stimuli. However, the process of reading is an arduous one, and she claims that the letters “jump around” on her. This same problem impairs her performance on basic copying tasks, as she complains that the object she is trying to draw is “dancing” on the page. MTB has also reported having trouble accurately interacting with objects when trying to pick them up. MTB received a diagnosis of probable PCA given her intact memory and reasoning capabilities in conjunction with simultanagnosia, mild hemispatial neglect, ideomotor apraxia, and constructional apraxia. SPECT scans revealed moderate bilateral parietal-occipital hypoperfusion, which is more pronounced in the right hemisphere, and MRI scans showed marked bilateral parietal atrophy. Visual field tests indicate the presence of left homonymous hemianopia, along with a generalized loss of sensitivity in the right visual field.

Patient SS. SS is a 66 year-old male who first showed problems with basic navigation in 2007. Since then, he has gradually and progressively developed pronounced deficits in route finding and spatial orientation. SS sometimes has difficulty finding objects in front of him that seem to be in plain view. Despite being a retired accountant, SS can no longer perform simple calculations. SS demonstrates difficulties with reading and spelling, and he shows minor word finding and semantic paraphasic errors—sometimes replacing words with similar, but incorrect, words. SS shows some difficulty on tests of executive functioning—performing slowly at number cancellation, for example—but is not impaired on tests of executive function that are free of spatial elements. SS was given a diagnosis of probable PCA based on the following clinical observations: simultanagnosia, optic ataxia, hemispatial neglect, elements of Gerstmann's syndrome, ideomotor apraxia, constructional apraxia, visual object agnosia, prosopagnosia, alexia, agraphia, anomia, and aphasia. MRI scans revealed mild diffuse atrophy, while SPECT scans demonstrated severe bilateral inferior parietal lobe hypoperfusion. SS also shows some evidence of visual field defects, which are more apparent in the upper visual fields.

Patient AP. AP is a 78 year-old, left-handed female who first visited us in 2009. A retired journalist, AP suffers from a variety of symptoms consistent with PCA. Her first and major complaint is difficulty reading; she reports that the words “jump” on her, and she struggles to find her place in a line of text. As is common in PCA, AP reports dressing apraxia—needing help to get her clothes turned around the right way before she can get them on. She also shows a mild increase in muscle tone and demonstrates dysarthria—sometimes struggling to generate fluent speech. AP's neurologist has suggested a diagnosis of probable PCA based on the following observations: intact memory and executive functioning, simultanagnosia, optic ataxia, bilateral hemispatial neglect, ideomotor apraxia, and constructional apraxia. AP also demonstrates slowed limb movements and right-side tactile extinction. MRI scans revealed moderate diffuse cortical atrophy, while SPECT scans showed moderate parietal-occipital hypoperfusion in the left hemisphere, along with marginal right parietal hypoperfusion.

Healthy age-matched controls

Eight age-matched, healthy individuals (seven females, one male; age range = 63–80 years old; mean age = 71.8 years old) were recruited to act as control subjects. All eight individuals participated in Experiment 1, with six of these same subjects participating in Experiment 2. The control group was also used to provide a “normal” range of results for two preliminary tests: reaction time and repetitive finger tapping. Controls produced an averaged median reaction time of 294 ms [95% confidence interval (CI): 200–388 ms]. On the repetitive finger tapping task, controls produced an average of 35.2 taps/10 s (95% CI: 16.6–53.8 taps/10 s) with their right hands, and 31.0 taps/10 s (95% CI: 16.3–45.6 taps/10 s) with their left hands.

METHODOLOGY

Experiment 1—delayed grasping

Experiment 1 consisted of three conditions: closed-loop grasping, immediate open-loop grasping, and delayed open-loop grasping. In the closed-loop condition, participants were asked to reach out and pick up a single object with visual feedback of their actions fully available. In immediate open-loop grasping, participants were allowed to view the target object for three seconds before being given a cue-to-grasp as their vision was occluded. In delayed open-loop grasping, participants were first allowed to view the target object for 3 s before their vision was occluded. Once their vision was obscured, they were required to wait 3 s before the auditory cue-to-grasp was presented. Trials were blocked by condition, and the order in which conditions were performed was counterbalanced across participants.

In each of the three viewing conditions, symmetrical “Efron blocks” were placed on a tabletop in front of participants, at their midline. Participants were provided with a “start button”—a raised landmark 7 cm from the edge of the table—to which they were instructed to return their hand after each grasp. Between all trials, participants were told to keep their index finger and thumb together and resting on the start button, with their remaining fingers tucked comfortably against their palm. An auditory cue-to-grasp, a brief tone, indicated the start of each trial, at which point participants were free to initiate a grasp movement. Participants were required to execute a precision grasp to each object, using only their index finger and thumb in opposition, grasping the blocks across their vertical axis.

Efron blocks are small, rectangular, wooden objects with the same overall surface area but different geometric dimensions. Five different Efron blocks were used for this study: block A (length: 5.0 cm, width: 5.0 cm, height: 1.1 cm), block B (5.3, 4.5, 1.1 cm), block C (6.3, 4.0, 1.1 cm), block D (7.2, 3.5, 1.1 cm), and block E (8.0, 3.0, 1.1 cm). Only the data from blocks A, C, and E were analysed, while blocks B and D served as distracters to prevent participants from “ball-parking” the size of the three target objects. Blocks were placed on the tabletop directly in front of participants at one of three distances: 20, 30, or 40 cm from the edge of the table. Each of the three target blocks was presented 15 times in each condition—five times at each of the three distances, while the two distracter blocks were presented six times each—twice at each of the three distances. Participants made 57 grasps for each of the three conditions, for a total of 171 trials per testing session.

Position and velocity recordings were made using a portable Motion Monitor system (Innovative Sports Technology; Chicago, IL) attached to miniBirds magnetic sensors (Ascension Technology Company; Burlington, VT). Individual sensors were attached to the index finger, thumb, and wrist of each participant's dominant hand. Participants also wore liquid-crystal “shutter goggles” (PLATO Translucent Technologies; Toronto, Canada) over their regular eye-wear (if any), which could be remotely toggled between a transparent and an opaque state. Custom-written software, run off the Motion Monitor system, allowed for the timing of visual occlusion to be precisely controlled. The presentation of the auditory tone, used as the cue-to-grasp, was controlled by the same software responsible for switching the shutter goggles. As a result, the timing of the grasp-cue and visual occlusion were tightly coordinated in all conditions.

Experiment 2—peripheral grasping

Experiment 2 employed a very similar set-up to Experiment 1. Participants were seated directly in front of a dark-colored table and asked to reach out and pick up objects presented to them on the tabletop. For this task, participants were required to maintain fixation for the entirety of each trial at a central fixation point located on the tabletop at their midline. The fixation point was positioned 30 cm from the edge of the table. An experimenter seated opposite the subject ensured that fixations were maintained at the central fixation spot. If participants did not maintain fixation with the central point for the entirety of the trial, then that data was not used and the trial was repeated at a later time. Each trial consisted of one of the three target-blocks used in Experiment 1—block A, block C, and block E—being presented, one at-a-time, at one of three possible locations: the fixation point itself, 12 cm to the left of the fixation point, and 12 cm to the right of the fixation point. These peripheral grasp sites roughly corresponded to a 22° viewing-angle from the subject's location. When objects were presented at the two peripheral locations, their more proximal edges were positioned at the 12 cm distance, thereby ensuring that no part of any object fell closer than 12 cm to the subject's point-of-fixation, regardless of their size. Each of the three target-blocks was presented five times at each location, and the entire procedure was repeated for each hand. Thus, participants made 45 grasps with each hand, for a total of 90 trials per testing session. As in Experiment 1, position recordings were made using the portable Motion Monitor system attached to miniBirds magnetic sensors, with individual sensors affixed to the index finger, thumb, and wrist.

DATA ANALYSIS

Statistical tests adopted a type-1 error rate of α = 0.05, with calculated p-values being considered significant if they fell below this value. All confidence intervals were generated using statistics developed by Crawford and Garthwaite (2002), Crawford et al. (2010) for use when comparing single-subjects with small control groups.

Experiment 1—delayed grasping

Custom-written algorithms in Motion Monitor outputted the value of MGA for each grasp. A separate regression analysis was run for each participant under each condition (closed-loop, immediate, and delayed). This analysis was performed in order to reveal whether participants were scaling their grip apertures in relation to the size of the block, as shown by a regression slope significantly different from zero. In addition to MGA, peak velocity and movement duration were also recorded. The start of each trial was denoted by the time at which forward wrist velocity exceeded 0.05 m/s, and the trial ended upon object contact. Object contact was defined as the moment at which the thumb and index finger were both touching the object, as determined by the experimenter. A 95% confidence interval was generated surrounding the controls' mean value for each condition. Individual patient data was then plotted against these confidence intervals to determine if the patients' kinematics were different from controls. Additionally, single-subject ANOVAs were run for each patient to test for significant differences across conditions for each variable. Post-hoc analysis using Tukey's Honestly Significant Difference (Tukey's HSD) test determined the exact “location” of any main effects. Finally, each grasp was defined qualitatively in order to give a measure of how successful participants were at accurately guiding their hand and fingers to the target block in each condition. This accuracy was measured by categorizing each grasp as either “successful”—the hand was directed to the correct target location and the grasp was executed without corrections having to be made; “missed grasp”—the hand was directed to the correct target location, but corrections were required to acquire a stable grasp; and “missed block”—the hand was not directed to the correct target location.

Experiment 2—peripheral grasping

Custom-written analysis software was assembled using Python (Python Software Foundation, Beaverton, OR) in order to study the path of the hand as it moved from the start position to the target. All positional information was taken from the magnetic sensor attached to each participant's wrist. For each trial, an idealized, straight-line path was calculated between the start and end positions of the wrist. The deviation of the actual reach from this idealized path was then calculated by measuring the distance between the two paths at 30 equally-spaced points along the idealized line. This method enabled us to find the average path taken by a particular participant, or group of participants, within a particular condition by averaging the distance between the actual and idealized paths at each of the 30 points across multiple trials. By combining the behavior of all control participants, we were able to generate the “normal” path taken by controls to targets located at each position. The main variables of interest were the maximum leftward and rightward deviation of the reach from the idealized path for each trial. Ninety-five percent CI were generated for control data for each block location. These intervals allowed us to see whether reaches made by controls differed from the idealized, straight-line paths, as well as whether the reaches made by each patient differed significantly from the paths taken by controls.

To investigate the prominence of magnetic misreaching in movements directed toward peripheral targets, we recorded the number of trials in which the index finger passed through a 3 cm-radius region of interest (ROI) around the fixation point. The size of the ROI was determined prior to analysis based on the dimensions of the experimental setup. Three centimeters was deemed to be large enough to catch any reaches directed specifically toward the fixation point, but small enough to avoid counting “normal” reaches.

RESULTS

EXPERIMENT 1—DELAYED GRASPING

Controls

The age-matched controls were able to perform a fluid, uncorrected grasp in 99.2% of trials in the closed-loop (free-viewing) condition (Figure 2A), and all control participants demonstrated grip scaling behavior—their MGAs decreased as the vertical size of the target blocks decreased (Table 2A). Removing visual feedback of the grasp lead to a slight increase in the number of grip corrections required to pick up the target blocks, but overall accuracy remained high in both the immediate open-loop and delayed open-loop conditions (see Figures 2B,C). When errors did occur, it was most common for mistakes to consist of minor grip adjustments following object contact; complete misses were rare. In the open-loop conditions—during which visual feedback of the reach was not available—controls showed a generally preserved ability to scale their grasps to the size of the target block; all controls showed significant scaling in the immediate open-loop condition (Table 2B), and only one control subject failed to scale in the delayed condition (Table 2C). However, the slope-values and coefficients of determination of the regression lines indicate that this scaling behavior was not as robust as during closed-loop trials.
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FIGURE 2. Grasping precision in Experiment 1 for (A): the closed-loop condition, (B): the immediate open-loop condition, and (C): the delayed open-loop condition.



Table 2A. Regression values for Closed-loop grasping.
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Table 2B. Regression values for Immediate Open-loop grasping.
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Table 2C. Regression values for Delayed Open-loop grasping.
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Controls did not show a significant change in overall MGA across conditions [F(2, 21) = 2.673, p = 0.092], although there was a definite trend toward larger MGA values in the two open-loop conditions compared to closed-loop grasping (Figure 3A). There was also no significant change in peak velocity across conditions [F(2, 21) = 3.013, p = 0.071; Figure 3B]. Again, however, there seemed to be a trend toward a change in behavior between the closed-loop and open-loop conditions, with controls showing a tendency to produce lower peak velocities during open-loop grasping (Figure 3B). The overall duration of reaches produced by controls did change significantly across conditions [F(2, 21) = 3.825, p = 0.038; Figure 3C], likely due to the trend toward lower reach velocities in the open-loop conditions. Post-hoc analysis revealed that this main effect of condition was driven by a difference in reach duration between the closed-loop and delayed open-loop condition (p = 0.033).
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FIGURE 3. Three different kinematic measures—(A): maximum grip aperture (MGA), (B): peak wrist velocity, and (C): movement duration—for patients and controls across all three conditions in Experiment 1. The dotted lines represent the upper and lower limits of the 95% confidence interval for control data.



Patients

Patient RB. RB showed no evidence of scaling for the closed-loop [r2 = 0.048; F(1, 43) = 2.134, p = 0.152] or immediate open-loop conditions [r2 = 0.032; F(1, 43) = 1.405, p = 0.243]. Curiously, RB did demonstrate significant scaling in the delayed open-loop condition [r2 = 0.090; F(1, 42) = 4.076, p = 0.050], but the scaling was in the opposite direction to what would be expected. In other words, her maximum grip aperture increased as the vertical size of the block decreased. RB's overall MGA dropped significantly from the closed-loop condition to the immediate and delayed conditions [F(2, 131) = 34.193; p < 0.001]. Post-hoc analysis revealed that these main effects of condition were driven by significant differences in overall MGA between the closed-loop condition and both open-loop conditions, rather than between the two open-loop conditions (Figure 3A). However, it should be noted that RB's overall MGA did increase significantly between the immediate and delayed conditions (p < 0.001). RB also showed a large decrease in wrist velocity between the closed and open-loop conditions [F(2, 133) = 89.651, p < 0.001]. Despite this large decrease in peak velocity for the open-loop conditions, RB's speeds fell within the 95% CI of control data (Figure 3B). RB produced much longer overall movement durations than controls for all conditions (Figure 3C), and also showed longer average movement durations in the open-loop conditions compared to closed-loop grasping [RB: F(2, 134) = 46.675, p < 0.001]. Despite RB's failure to scale her grasps in the closed-loop condition, she was able to guide her fingers to appropriate grasp sites without correction on 95.6% of trials (Figure 2). However, this performance deteriorated greatly in the open-loop conditions, such that RB missed the target object completely on 73.3% of trials in the delayed open-loop condition.

Patient MTB. In the closed-loop condition, MTB showed significant scaling [r2 = 0.444; F(34, 379), p < 0.001], but this same scaling behavior was not present in the immediate or delayed open-loop conditions [immediate: r2 = 0.002; F(1, 40) = 0.088, p = 0.768; delayed: r2 = 0.027; F(1, 39) = 1.045, p = 0.313]. MTB's overall MGA dropped from 8.55 to 6.14 cm and 6.51 cm across the respective conditions [F(2, 125) = 79.937; p < 0.001; Figure 3A]. As with RB, post-hoc analysis revealed that this main effect of condition was driven by significant differences in overall MGA between the closed-loop condition and both open-loop conditions, rather than between the two open-loop conditions. MTB showed significantly lower peak velocities than controls across all three conditions (Figure 3B). Despite her slower velocities, MTB still showed the same pattern of decreasing peak velocity across conditions [F(2, 134) = 24.812, p < 0.001]. As might be expected from her slowed wrist velocity, MTB produced much longer overall movement durations than controls for all conditions (Figure 3C), and showed longer movement durations in the open-loop conditions compared to closed-loop grasping [F(2, 134) = 17.573, p < 0.001]. Despite showing appropriate scaling in the closed-loop condition, MTB made slight grip corrections on the block for 17.8% of grasps (Figure 2). Additionally, she proved almost completely unable to locate objects without constant visual feedback of the scene, as she missed the target location on 98.9% of her grasps across both open-loop conditions.

Patient SS. SS showed significant scaling behavior in both the closed-loop [r2 = 0.232; F(1, 43) = 12.986, p = 0.001], and immediate open-loop conditions [r2 = 0.260; F(1, 43) = 14.734, p < 0.001]. However, when a delay was introduced between object viewing and movement onset, SS's grasp apertures across blocks produced a regression line that was no different from zero [r2 = 0.048; F(1, 44) = 2.190, p = 0.146]. The change in SS's MGA values across conditions resembled controls in that they increased steadily across conditions from closed-loop to immediate to delayed [F(2, 133) = 44.449; p < 0.001; Figure 3A]. SS's peak velocity values fell well within the 95% CI of control data for all conditions (Figure 3B). Like controls, SS's peak velocity decreased across conditions from closed-loop grasping through to the delayed condition [F(2, 134) = 3.441, p = 0.035]. SS was the only patient whose overall movement durations were comparable to controls (Figure 3C), and, like controls, SS showed a pattern of increasing durations across conditions [F(2, 134) = 16.085, p < 0.001]. SS made corrections on relatively few of his grasps in the closed-loop and immediate open-loop conditions (Figure 2), but his delayed performance was poor, as he made minor grip corrections on 28.9% of his grasps and missed the block completely on 26.7%.

Patient AP. AP showed scaling behavior in both the closed-loop [r2 = 0.295; F(1, 43) = 18.022, p < 0.001] and immediate open-loop conditions [r2 = 0.128; F(1, 44) = 6.292, p = 0.016]. However, like SS, this same behavior was not present when a delay was introduced between object viewing and movement onset [r2 = 0.019; F(1, 44) = 0.811, p = 0.373]. AP's MGA values increased steadily from the closed-loop condition, to the immediate and delayed conditions [F(2, 134) = 33.872; p < 0.001; Figure 3A], and her wrist velocities were comparable to controls, falling within the 95% CI of control data for all conditions (Figure 3B). Although AP showed very similar peak velocities to SS across conditions, there were no significant differences in these values [F(2, 134) = 2.353, p = 0.099]. AP's overall movement durations were much longer than controls in all conditions (Figure 3C), and she showed longer movement durations in the open-loop conditions compared to closed-loop grasping [F(2, 134) = 32.040, p < 0.001]. AP executed accurate grasps on all closed-loop trials, but required minor corrections of her grasps in the immediate and delayed conditions (Figure 2). Furthermore, AP missed the block completely on 37.8 and 40.0% of trials during immediate and delayed grasping, respectively.

EXPERIMENT 2—PERIPHERAL GRASPING

Controls

When reaching for objects at midline, controls showed slightly curved trajectories in the direction of the hand being used (Figure 4). However, these trajectories did not deviate significantly from the idealized straight-line path between initial and final wrist position (Figures 7, 8). During ipsilateral reaching, in which peripherally-presented objects were positioned on the same side of the body to that of the hand being used, controls exhibited a very similar pattern of behavior to that seen at midline: reach paths showed a tendency to curve away from the idealized straight-line path in the direction of the hand being used (Figure 5). This bias was significant for the left hand (Figure 8A), but not for the right (Figure 7B). During contralateral reaching, in which peripherally-presented objects were positioned on the opposite side of the body to that of the hand being used, controls once again showed trajectories that did not deviate significantly from an idealized straight-line path to the target (Figure 6). With respect to magnetic misreaching, only three of the 360 reaches made by controls (<1%) passed through the fixation point ROI. Closer inspection of these three reaches revealed that wrist height was maintained high above the surface of the table and there was no decrease in wrist velocity as the hand passed through the ROI. In other words, these rare deviations toward the fixation point simply represented a highly-curved trajectory to the peripheral target, rather than a reach directed specifically toward the fixation point.
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FIGURE 4. A comparison of standardized reach paths for controls vs. patients—(A): patient RB, (B): patient SS, and (C): patient AP—when grasping objects at midline with both the right and left hands in Experiment 2.
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FIGURE 5. A comparison of standardized reach paths for controls vs. patients—(A): patient RB, (B): patient SS, and (C): patient AP—when grasping ipsilaterally presented objects with both the right and left hands in Experiment 2.
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FIGURE 6. A comparison of standardized reach paths for controls vs. patients—(A): patient RB, (B): patient SS, and (C): patient AP—when grasping contralaterally presented objects with both the right and left hands in Experiment 2.



Patients

Patient RB. RB showed reach paths for objects at midline (Figure 4A) that deviated significantly more from the idealized straight-line path than those of controls with both hands (Figures 7B, 8A). Specifically, her trajectories were biased toward the side of the hand being used. For ipsilateral reaches (Figure 5A), RB's right-hand paths were very similar to controls (Figure 7), but she showed a significant deviation from the reach-path made by controls with her left hand in the direction of the hand being used (Figure 8A). For contralateral reaches (Figure 6A), RB showed a tendency to reach toward the point of fixation with both hands, though this deviation was only significantly different from controls with her right hand (Figure 7B). Considering only grasps to peripheral targets, three (5%) of RB's reach-paths passed through the fixation point ROI. A kinematic analysis of these three reaches revealed that as her hand passed through the ROI, her wrist was held high above the surface of the table and there was no decrease in wrist velocity. Therefore, like controls, the deviation toward the fixation point simply represented a highly-curved trajectory to the peripheral target, rather than a reach directed specifically to the fixation point.
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FIGURE 7. The (A): leftward and (B): rightward reach path deviations in Experiment 2 for reaches made with the right hand.
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FIGURE 8. The (A): leftward and (B): rightward reach path deviations in Experiment 2 for reaches made with the left hand.



Patient MTB. MTB was unable to complete this task. While she had no trouble grasping objects placed at her midline, she found it impossible to execute grasps to objects in her periphery. When prompted to reach to peripheral targets, she would sit for a long time without moving, staring intently at the fixation point. When again prompted to reach to the target, she would sometimes reply that it was “too difficult.” Often she would move her hand two or three centimeters from the start button, keeping her fingers together, and place it back down on the table. MTB maintained that she could see the objects, but found it very difficult to initiate or complete a movement toward them. This experiment was attempted a second time with MTB, this time placing the peripheral objects 6 cm from the fixation point rather than 12 cm. This change made no difference to MTB's behavior: she reported that it was now easier to see the objects, but she was still unable to attempt grasps toward them.

An inability to initiate motor actions can be indicative of the presence of various neurological disorders, such as ideomotor apraxia, ideational apraxia, or akinesia. However, these explanations seem unlikely given MTB's intact ability to execute grasps to objects at midline in Experiment 1, as well as her ability to pantomime object use—observed during administration of the Edinburgh Handedness Inventory. The most reasonable explanation, therefore, is a combination of visual field defects and the presence of optic ataxia. As previously mentioned, MTB suffers from a generalized loss of sensitivity in both her left and right visual fields. As a result, MTB may have had trouble seeing the peripheral target objects clearly, despite her claims to the contrary. However, it is very possible that the visuomotor impairments seen in Experiment 1 also contributed to MTB's inability to perform this task.

Patient SS. At midline (Figure 4B), SS showed reach trajectories that were much more comparable to controls than either RB or AP. However, the reach-path for his left hand did show a significant leftward deviation from that of controls (Figure 8A). For ipsilateral reaches (Figure 5B), SS showed a significant departure from controls with his right hand, reaching closer to the point of fixation (Figure 7A). He showed a similar trend toward the fixation point with his left hand, but the effect did not reach significance (Figure 8B). This fixation point bias was even more apparent for contralateral reaches (Figure 6B), where SS's reach paths showed a significant departure from controls toward the fixation point with both his right and left hands (Figures 7B, 8A). Considering only grasps to peripheral targets, nine (15%) of SS's reach-paths passed through the fixation point ROI. Looking at the kinematics of these atypical trajectories, we see that in five of SS's aberrant reaches, wrist height and velocity decreased as the hand entered the ROI, indicating a significant deviation from a normal peripheral grasp trajectory. In other words, SS demonstrated reaches that were drawn toward the fixation point to such an extent that the kinematics of his trajectory resembled those of a reach made to a central target. In fact, in the majority of these reaches, SS actually touched his fingers to the surface of the table at the fixation point, before “correcting” his movement and accelerating toward the peripheral target.

Patient AP. AP's reach paths deviated from controls with both hands for objects located at her midline (Figure 4C). As with the other patients, her reaching bias was in the direction of the hand being used (Figures 7B, 8A). For ipsilateral reaches (Figure 5C), AP showed a trend toward reaching away from the point of fixation compared to controls. However, this effect was only significant for reaches made with her dominant left hand (Figure 8A). For contralateral reaches (Figure 6C), AP showed the same pattern as SS—reaching closer to the point of fixation than controls with both hands (Figures 7B, 8A). In order to determine whether these results were purely a consequence of AP's handedness, the path comparisons were repeated, comparing AP's path deviations for her left hand to controls' right hands, and vice versa. Instead of left and right hands reaching to left, midline, or right targets; conditions were now dominant and non-dominant hands reaching to ipsilateral, midline, or contralateral targets. Following this analysis, the results of AP's reaches to midline and contralateral targets did not change—her reaches at midline were biased toward the effector hand, and her contralateral reaches were biased toward the fixation point. However, she no longer showed a path bias with her left hand for ipsilateral targets, but instead showed a bias with her right hand for ipsilateral targets. As before, this reach bias was away from the point of fixation. This change in result was driven by the much higher variation in reach paths made by controls for the ipsilateral condition with their dominant, right hands compared to their non-dominant, left hands. Considering only grasps to peripheral targets, eight (13%) of AP's reach-paths passed through the fixation point ROI. In a similar manner to SS, the kinematics of AP's reaches through the ROI showed that in four of these eight reaches, AP's wrist height and velocity decreased as her hand entered the ROI. Additionally, her fingers occasionally touched the table during these reaches, as if she were executing a grasp to the fixation point itself rather than the peripheral target.

DISCUSSION

The goal of this investigation was to identify and quantify the nature of visuomotor deficits in a small group of individuals with PCA. Prior to testing, only one of the individuals in the PCA group, MTB, self-reported visuomotor issues, which manifested as trouble accurately picking up objects in front of her. Instead, perceptual issues, such as “fuzzy vision,” difficulty reading, and problems with object and face recognition, were presented as being the most pervasive and intrusive issues in the patients' lives. Preliminary testing confirmed that RB, MTB, and SS all have great difficulty completing tasks that require proper perceptual and visuospatial functioning, including the recognition and matching of geometric shapes, objects, and faces. In contrast, AP's basic face and object recognition is relatively intact, although she struggles with more complex tests such as the Benton Visual Form Discrimination task. Despite the minimal self-reporting of visuomotor deficits, Experiments 1 and 2 revealed that all four PCA patients demonstrate varying degrees of visuomotor malfunction. Kinematic abnormalities, such as a lack of grip scaling (in the case of RB) and a lowered peak wrist velocity (in the case of MTB) were seen when patients picked up simple, rectangular objects, presented at their midline. Visuomotor errors were compounded when patients were asked to reach for objects in their visual peripheries or when visual feedback of their reach was removed.

REACH KINEMATICS

The presence of grasping dysfunction, which included impaired grip scaling and protracted movement durations, for reaches to central targets in all four PCA individuals was unexpected. Examples of patients with optic ataxia demonstrating movement deficits under foveal guidance have been previously reported (Perenin and Vighetto, 1988; Jeannerod et al., 1994; Binkofski et al., 1998), however, most patients with optic ataxia demonstrate preserved accuracy for movements toward objects located in central vision (Rossetti et al., 2003). A number of possibilities exist to explain this finding. First, it is possible that the cortical damage in the PCA patients is more extensive, or at least more cortically widespread, than is typically seen in previously reported cases of optic ataxia. This more distributed damage may be affecting a larger number of neural control systems that might ordinarily be able to compensate for one another in cases of discrete lesions. In favor of this explanation is the presence of diffuse atrophy affecting extensive posterior cortical regions in anatomical scans of the PCA group. Secondly, it may be the case that our very precise kinematic recordings picked up minor reaching and grasping abnormalities that would not otherwise have been noticed. In favor of this explanation is the observation that all four individuals with PCA were able to successfully execute relatively smooth reaches and stable grasps to different-sized objects at midline under visual guidance. Instead, visuomotor abnormalities presented themselves as impaired grip scaling and slower movements; abnormalities that were only apparent following careful analysis of kinematic recordings.

Prior to this experiment, we hypothesized that PCA patients with predominant dorsal steam deficits might experience an improvement in their grasping ability following visual occlusion. This hypothesis came from reports of optic ataxic patient IG, who was unable to properly scale her grasps when reaching to peripheral targets under visual guidance, but showed appropriate grip scaling during delayed real grasping and delayed pantomime grasping (Milner et al., 2001). However, the observation of extensive perceptual issues and diffuse atrophy in areas of cortex making up the ventral stream indicated that our patients were unlikely to mirror the behavior shown by patient IG. Indeed, Experiment 1 revealed that none of the four patients in the current study demonstrate a comparable improvement in reaching and grasping abilities when visual feedback is removed. In fact, MTB, SS, and AP, who are able to scale their grasps to the size of objects under visual guidance, show much poorer performance on the reach-to-grasp task following a delay. These results suggest that all four PCA patients in the current study suffer from damage to temporal cortical areas that are ordinarily able to provide visuomotor systems with lasting perceptual representations of the environment. This conclusion is especially telling for AP, who demonstrates the least severe perceptual problems.

REACH TRAJECTORIES

Experiment 2 revealed that RB, SS, and AP all produce highly curved reach trajectories, both at midline and in the periphery. This behavior presents a stark contrast to the relatively straight reach paths produced by controls. It is unclear exactly why the patients produce these excessively curved reach paths, but it is clear that their visuomotor systems are not programming reach trajectories in the most efficient manner. In Experiment 1, we saw that three of the individuals in the PCA group show slower, protracted reaching movements. Rossetti et al. (2003) suggest that the slowing down of movements may be an attempt to compensate for damaged on-line control centers in the parietal cortex by engaging slower visual feedback loops that can refine the programming of movements based on incoming visual information. It is possible that the curved reach trajectories in Experiment 2 are related to these results in that the patients prefer an unobstructed view of the target object throughout the reach in order to monitor their grasping movements and guide their fingers to stable grasp sites on the objects. Highly curved trajectories, especially for reaches at midline, would maximize such observation by removing the effector hand from the line of sight between the eyes and the target object.

At times, SS and AP both demonstrate reach kinematics that resemble reaches directed toward the fixation point itself, rather than toward the peripheral target. This behavior, termed magnetic misreaching, has been previously documented in patients with parietal lobe dysfunction (e.g., Carey et al., 1997; Jackson et al., 2005). Jackson et al. (2005) have suggested that magnetic misreaching occurs when the visuomotor systems underlying eye and limb movements are not properly uncoupled in order to allow for each system to perform simultaneous but independent actions. Eye and hand movements are highly coordinated processes (Fisk and Goodale, 1985), as demonstrated by the tight temporal and spatial coupling seen between gaze fixation and grasp site locations (e.g., Desanghere and Marotta, 2011). The robust cooperation between eye movements and hand guidance underlies our ability to quickly and accurately interact with objects around us. Of course, the dissociation between eye and hand movements is not only possible, but also necessary, for efficient and versatile object-interaction. Independent control of these two processes underlies our ability to execute a reach without direct visual guidance, or to shift our gaze away from an ongoing manual task.

It has been suggested that the uncoupling of gaze and prehension relies on cortical systems that send inhibitory signals to midbrain structures (Milner et al., 2003), such as the superior colliculus, and recent studies have identified the parietal-occipital junction as a potential source of this inhibition (Clavagnier et al., 2007). Milner et al. (2003) suggest that magnetic misreaching may represent a “primitive” form of reaching, in which inhibition of midbrain structures is lost due to cortical damage. However, recent neurophysiological studies in both primates and humans have identified the presence of strong reach-related signals in certain neurons in the superior colliculus, including during reaches made to peripheral targets (Reyes-Puerta et al., 2010; Song et al., 2011; Linzenbold and Himmelbach, 2012). Based on this evidence, Linzenbold and Himmelbach (2012) suggest that the superior colliculus may play a much larger role in hand-eye coordination than previously thought, though it remains unclear to what extent the superior colliculus has the ability to modulate cortical motor commands. In the current study, SS and AP showed strong evidence of magnetic misreaching, and all four patients had difficulty suppressing the urge to look at the object to which they are directing their reach. This behavior suggests that these individuals have difficulty inhibiting the powerful coupling of eye and hand movements occurring at either the cortical or subcortical level.

An important potential limitation of this experiment is the presence of visual field defects in three of the four individuals with PCA—RB, MTB, and SS. As previously discussed, MTB's inability to perform the peripheral task in Experiment 2 may be in large part due to her hemianopia. If she was unable to accurately locate the target objects in her peripheral vision, then she may have been unwilling to “blindly” attempt a reach. However, MTB's hemianopia is limited to her left visual field, so she should have been able to at least attempt reaches to right-side targets if visual field deficits were indeed the root-cause of her problems. RB and SS both suffer from quadrantanopia, primarily affecting their upper fields of vision, which may have had a significant effect on their ability to accurately perform the peripheral grasping task. Interestingly, however, AP showed similar “magnetic misreaching” behavior to that of SS, yet visual field testing showed her peripheral vision to be unaffected by field defects.

VENTRAL AND DORSAL SUBTYPES OF PCA?

None of the patients in the current study demonstrate symptomology indicative of a purely ventral or a purely dorsal subtype of PCA. However, despite the highly mixed symptomology presented by our patients at the time of testing, their histories tell a slightly different story. RB initially presented to her neurologists with only perceptual complaints, while MTB suffered from primarily visuomotor problems. Given the length of time these individuals have been experiencing symptoms, it is perhaps not surprising that they all now exhibit more of a mixed disorder. The current study shows no evidence for the presence of purely ventral or dorsal subtypes of PCA in a small group of patients, but suggests that individual patients may experience primarily ventral or dorsal symptoms early on in the disease. As such, a ventral/dorsal subclassification of PCA may be useful in identifying the primary site of atrophy early on in PCA, but seems to become less valuable as the disease inevitably progresses to a state of more diffuse cell loss.

CONCLUDING REMARKS

It is our belief that PCA is a more common affliction than is generally reported. One of the goals of the current research was to improve the general understanding of PCA symptomology, thereby helping clinicians to better identify and differentiate PCA from other medical conditions. For most of our PCA patients, it was a long trial-and-error process working with their family physicians and optometrists before they were properly diagnosed by a neurologist. We hope that this research will help expedite diagnosis, which would allow patients with PCA to receive the correct medical treatments earlier in the disease. Generating a better understanding of how PCA symptoms manifest themselves may help physical and occupational therapists to better tailor their care programs when working with PCA patients, and may facilitate the creation of coping strategies for patients and caregivers.
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When viewing a face, healthy individuals focus more on the area containing the eyes and upper nose in order to retrieve important featural and configural information. In contrast, individuals with face blindness (prosopagnosia) tend to direct fixations toward individual facial features—particularly the mouth. Presented here is an examination of face perception deficits in individuals with Posterior Cortical Atrophy (PCA). PCA is a rare progressive neurodegenerative disorder that is characterized by atrophy in occipito-parietal and occipito-temporal cortices. PCA primarily affects higher visual processing, while memory, reasoning, and insight remain relatively intact. A common symptom of PCA is a decreased effective field of vision caused by the inability to “see the whole picture.” Individuals with PCA and healthy control participants completed a same/different discrimination task in which images of faces were presented as cue-target pairs. Eye-tracking equipment and a novel computer-based perceptual task—the Viewing Window paradigm—were used to investigate scan patterns when faces were presented in open view or through a restricted-view, respectively. In contrast to previous prosopagnosia research, individuals with PCA each produced unique scan paths that focused on non-diagnostically useful locations. This focus on non-diagnostically useful locations was also present when using a restricted viewing aperture, suggesting that individuals with PCA have difficulty processing the face at either the featural or configural level. In fact, it appears that the decreased effective field of view in PCA patients is so severe that it results in an extreme dependence on local processing, such that a feature-based approach is not even possible.

Keywords: posterior cortical atrophy, eye movements, scan paths, face perception, vision disorders

INTRODUCTION

Imagine looking through a family photo album, and realizing that you do not recognize the people in the photographs, or finding that the walls in your home sometimes change color when you blink your eyes. These are some of the issues that RB, a 77-year-old female, began experiencing more than 5 years ago, despite an absence of neurological injury such as stroke or head injury. Preliminary investigations suggested that RB has prominent deficits in recognizing faces and line drawings of objects, along with significant problems seeing multiple objects in an array and a deficit in global processing (e.g., when shown a photo of a camera, RB mistook the lens of the camera for a tunnel). RB also reported experiencing color “hallucinations.” Despite these perceptual impairments, RB did not show any significant deficits in memory or reasoning. This unusual pattern of deficits illustrates a rare neurodegenerative disorder called Posterior Cortical Atrophy (PCA).

PCA, also referred to as Benson's disease (Benson et al., 1988) or the visual variant of Alzheimer's disease (AD; Bokde et al., 2001; Boxer et al., 2003) is a progressive neurodegenerative disorder that is associated with significant impairments in higher visual processing, while at early stages, memory, reasoning, and insight remain relatively intact (Chan et al., 2001; Charles and Hillis, 2005; Crutch and Warrington, 2007). The initial symptoms of PCA often include problems such as achromatopsia, prosopagnosia, object agnosia, environmental agnosia, alexia, agraphia, left-right disorientation, optic ataxia, oculomotor apraxia, dressing apraxia, visual neglect, and simultanagnosia (Chan et al., 2001; Charles and Hillis, 2005; Crutch and Warrington, 2007; Mendez et al., 2007; Giovagnoli et al., 2009). At later stages, individuals with PCA show impairments in memory, learning, language, and reasoning, and may appear similar to typical AD.

PCA is characterized by progressive bilateral atrophy in the posterior areas of the brain (e.g., occipito-parietal and occipito-temporal areas), often with a predominance in the right hemisphere (Kaida et al., 1998; Goethals and Santens, 2001; Nestor et al., 2003; Caine, 2004; Charles and Hillis, 2005; Kirshner and Lavin, 2006; McMonagle et al., 2006; Mendez et al., 2007; Whitwell et al., 2007). Magnetic resonance imaging (MRI) investigations of PCA show evidence of atrophy in the middle temporal area of the inferior occipito-temporal junction (Caine, 2004), right fusiform gyrus, parahippocampal cortex (Joubert et al., 2003), occipital poles (Chan et al., 2001), right occipital gyrus (Boxer et al., 2003), Brodman's areas 17, 18, and 19, area 7 b and 7 m of the posterior parietal cortex, and Brodman's area 23 of the posterior cingulate cortex (Caine, 2004). In addition, research with single-photon emission computed tomography (SPECT) and positron emission tomography (PET) have shown decreased blood flow and reduced blood-glucose metabolism, bilaterally, in occipito-parietal and occipito-temporal cortices (Bokde et al., 2001; Goethals and Santens, 2001; Mendez, 2001; Boxer et al., 2003; Giovagnoli et al., 2009) which includes the lateral occipital cortex (Giovagnoli et al., 2009), primary visual cortex (V1), and sometimes the frontal eye fields (Bokde et al., 2001; Nestor et al., 2003).

PCA patients often demonstrate impairments in global processing or the ability to view the visual world as a coherent whole. Traditionally, this deficit in PCA has been labeled as simultanagnosia. Simultanagnosia, results in an inability to perceive more than a single object or object component at a time (Luria, 1959; Rizzo and Vecera, 2002; Moreaud, 2003; Montoro et al., 2011). Simultanagnosia is also a component of Balint's syndrome and has been linked to other visual impairments such as optic ataxia, gaze apraxia, agraphia, and problems navigating the environment (Farah et al., 1998; Duncan et al., 2003). Although a key characteristic of simultanagnosia is a selective deficit in the identification of global forms, eye tracking studies have shown scan paths that closely trace the shape of these misidentified global forms (Clavagnier et al., 2006; Dalrymple et al., 2007, 2009, 2010). Recently, however, Crutch (2013) has cautioned that one must be careful diagnosing simultanagnosia in PCA, as the effective field of vision can be limited without overt simultanagnosia, as observed in natural aging and in patients with right parietal lobe lesions (Russell et al., 2012).

When viewing faces, healthy individuals tend to look at the region of the face containing the eyes and upper-nose, since it provides important featural and configural information that allows for rapid and accurate face-identification (Rossion et al., 2000; Lobmaier et al., 2008; Chaby et al., 2011). Indeed, eyes have been found to be a primary oculomotor target regardless of their location (Levy et al., 2013). In contrast, individuals with prosopagnosia, a disorder impairing the ability to recognize a face, spend more time looking at the lower regions of a face (e.g., mouth), external features (e.g., hairline, jawline, outer area of cheeks), or individual features compared to healthy individuals (Le et al., 2003; Caldara et al., 2005; Barton et al., 2006; Bukach et al., 2008; Orban De Xivry et al., 2008). Some researchers have suggested that prosopagnosia is the result of a deficit in holistic/configural representations of faces, and that these individuals are forced to rely solely on featural representations (Le et al., 2003; Caldara et al., 2005; Barton et al., 2006; Bukach et al., 2008; Orban De Xivry et al., 2008). This type of parts-based strategy could explain the observed differences in scan patterns between healthy individuals and those with prosopagnosia, and reflect a deficit in configural processing, which may result in an over reliance on featural representations, among individuals with prosopagnosia.

The present study sought to determine which areas of the face individuals with PCA spend the most time fixated on. An understanding of which regions attract individuals with PCA may reveal more about the nature of their deficits in face recognition and suggest the underlying cause for these impairments. To meet these goals, a face-matching task was completed across two experiments. The first experiment utilized eye tracking during an open-view task, since previous research has used this technology to examine visual scan paths that are associated with face perception. The second experiment, involved a restricted-view task, the newly developed Viewing Window task (Baugh and Marotta, 2007, 2009; Baugh et al., 2011; Lawrence-Dewar et al., 2012), in which only a small portion of an image is clearly visible at one time. Restricting vision is thought to encourage a serial, or part-by-part processing strategy, which may have different effects on scan paths in PCA and healthy populations.

MATERIALS AND METHODS

The methods common to both experiments will be described first, followed by detailed information that is specific to each experiment.

STATEMENT ON ETHICS

All procedures were reviewed and approved by the Human Research Ethics Board at the University of Manitoba. In addition, approval of MRI studies were also reviewed and approved by the Human Research Ethics Board for the National Research Council—Institute for Biodiagnostics. Prior to enrolment, all participants provided written informed consent.

PARTICIPANTS

Experiment 1 examined the performance of patients with PCA, aged healthy individuals, and a group of healthy undergraduate students in an open-view face matching task. Experiment 2 examined the performance of these individuals during a restricted view face matching task. All PCA patients had normal or corrected-to-normal visual acuity, as determined by either their neuro-opthalmologist or optometrist. Healthy individuals were pre-screened for normal or corrected-to-normal visual acuity.

Prior to testing, PCA patients and aged healthy individuals completed several behavioral tests to assess cognitive function including: a famous faces task, the short form Benton Face Recognition Task (FRT), the short form Boston Naming Task, a finger-tapping task (FTT), a phonemic verbal fluency task, or controlled oral word association task (COWAT), the Mini Mental State Exam (MMSE), and the Dementia Rating Scale II (DRS-II). A simple computer-based, reaction time task was completed in which participants pressed a spacebar when a target was presented on the screen. In-house developed object identification and shape-matching tasks were also administered. The object identification task consisted of 18 color images of single objects (e.g., lamp) presented on a computer screen. The computer-based shape-matching task was developed to determine if PCA patients could match serially presented objects after a brief delay. The objects were white computer generated rectangles, based on Blake shapes (Blake, 1992), presented on a black background. The scores of these tests and demographic information of each of the patients and age-matched controls are listed in Table 1.

Table 1. Demographic information and behavioral scores of five patients with PCA and aged-healthy control participants.
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To examine the extent and distribution of atrophy in all of the PCA patients, an MRI was performed at the National Research Council—Institute for Biodiagnostics (Winnipeg, MB, Canada) using a 3 T Tim Trio MRI system (Siemens, Erlangen, Germany) with integrated head coil. The same scans were also acquired for an additional aged healthy control as part of another study. A high resolution, T1 weighted anatomical image was acquired using a MPRAGE sequence (256 × 256 matrix, in-plane resolution 1 × 1 mm, 176 slices, slice thickness 1 mm, TR = 1900 ms, TE = 2.2 ms). Five representative images from the T1 are shown in Figure 1 for each patient. A slice was first selected in which the anterior commissure was visible then, moving in a dorsal direction, the 10th slice was selected four more times.
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FIGURE 1. Anatomical MRIs revealing atrophy in PCA patients. Sample axial slices from the high-resolution T1 weighed image. Cortical thickness maps obtained in the five patients with PCA and a healthy aged control. Maps are overlaid on inflated brains, so as to display thickness of cortex in sulci. A color spectrum is applied to indicate measured thickness (in mm) indicated on the scale bar.



Anatomical data from each patient were analyzed individually to measure cortical thickness using Freesurfer v4.5 (MGH, USA, http://surfer.nmr.mgh.harvard.edu/). The followed workflow includes motion correction, skull stripping, automated Talairach transformation, white and gray matter segmentation, and intensity normalization. Further technical details of the automated procedures have been described (Dale et al., 1999; Fischl et al., 1999a,b, 2001, 2002, 2004a,b; Fischl and Dale, 2000; Segonne et al., 2004; Jovicich et al., 2006; Han et al., 2006). Thickness maps were rendered onto an inflated brain template to reveal measurements of cortex in the sulci. A color spectrum was applied with yellow (5 mm) and red (greater than 2 mm) indicating areas of thicker cortex and gray indicating thin cortex (less than 2 mm).

Patient information

Individuals diagnosed with PCA by a local neurologist (P.S.) were informed of the opportunity to participate in the present research study.

Patient RB. RB initially experienced difficulty recognizing faces and reported changes in color perception. At the time of testing, RB had impairments in face recognition, object perception, shape matching, figure copying, color identification, reading, writing, and visual search. There was no evidence of hemispatial neglect or spatial disorientation, and normal scores on executive functioning tests that did not involve visual stimuli. RB showed a tendency to replicate one specific detail and an inability to connect details into a coherent whole during figure copying, and focused on single features during object identification, indicating simultanagnosia. Though RB suffers from early macular degeneration and mild cataracts, these issues do not adversely affect her visual acuity. An MRI revealed atrophy in RB's right anterior temporal lobe (Figure 1).

Patient SS. SS began experiencing problems navigating familiar environments, finding objects in plain view, and managing his family's finances. A neurologist assessment revealed that SS shows signs of optic ataxia, ideomotor apraxia, and constructional apraxia, in misreaching to visual targets, difficulty imitating hand movements, and poor performance on motor sequencing tasks. He also demonstrates difficulties reading, writing, recognizing objects, spatial orientation, and mild memory impairments. SS's visual object agnosia seems to be a result of a reduced effective field of vision, as he will often identify only a single component of a target object, and his figure copying consists of disconnected, isolated object features. He also fails to identify objects presented in his lower left and right hemifields, indicating impaired spatial attention, and suffers from mild macular degeneration. An MRI revealed mild diffuse atrophy and enlargement of the ventricles (Figure 1).

Patient AP. AP reports difficulty reading, stating that the words “jump” on her, and she struggles to find her place in a line of text. However, AP's reading difficulties improve when a restricted window is used to allow letter-by-letter reading. When lines of print were isolated on a page, sentence reading was similarly found to be normal. Her vision fatigues, such that it is increasingly difficult to keep on line or to draw. Her drawing errors were characterized by difficulty relating local features to the overall shape, such as placing the stem on a flower. AP scored normally on tests of face perception and object recognition. She remained non-aphasic and there was no anomia. She demonstrated misreaching consistent with optic ataxia. The later course was characterized by progressive right, more than left, hemispatial neglect, right tactile extinction, dressing apraxia, right hand apraxia and alien hand, and progressive asymmetrical rigidity, bradykinesia and Parkinsonian gait, consistent with Corticobasal Syndrome. A single photon emission computed tomography (SPECT) scan demonstrated moderate hypoperfusion of the left occipito-parietal area and mild changes in the right posterior parietal area. An MRI indicates atrophy in similar areas (Figure 1).

Patient MTB. MTB is affected by predominant problems with motor coordination, such as agraphia, unsteady gait, and dressing apraxia. She also showed evidence of left/right confusion, left hemispatial neglect, and spatial and environmental disorientation. MTB demonstrated difficulty reading full words that improved when using a restricted window to view a single letter at a time. MTB's neurologist reported significant constructional problems when she was asked to copy simple figures, but only minor problems in face and object recognition. An MRI revealed that MTB has atrophy in occipito-parietal areas, as well as some occipito-temporal atrophy (Figure 1).

Patient PLH. PLH initially experienced perceptual difficulties and blurred vision. She was referred to a neurologist who noted impairments in object, face, and word recognition that could not be explained by visual dysfunction as well as environmental disorientation and mild apraxia. She proved unable to copy simple line drawings or locate items in plain view. PLH exhibits fragmented visual processing and describes only a single component of an object or individual features without regard to the overall image during recognition tasks. PLH demonstrated some evidence of memory impairment, and showed visual field dysfunction in all four quadrants. Specifically, she experienced left visual extinction in the upper and lower quadrants, and her saccades were slow to initiate both vertically and horizontally. An MRI revealed diffuse cortical atrophy involving both the dorsal and ventral streams (Figure 1).

HEALTHY CONTROLS

Healthy age-matched controls were recruited from the community. Participants were screened for history of neurological disease or injury and completed tests of cognitive and perceptual function (Table 1). Four aged-matched controls were initially recruited however, following Experiment 1, one participant withdrew from the study voluntarily. Therefore, a fifth age-matched control was recruited to complete Experiment 2.

Twelve young healthy individuals (8 females, 10 right-handed, Mean age = 23.5 years old) were recruited for Experiments 1 and 2 from the University of Manitoba's Introduction to Psychology Subject Pool, and received course credit for their participation. Participants were right-handed, fluent in English, and had normal or corrected-to-normal vision.

METHODOLOGY

EXPERIMENT 1—FACE PERCEPTION IN AN OPEN-VIEW TASK

Participants

Three PCA patients (RB, SS, AP) and four age-matched healthy participants (4 females, right-handed, Mean age = 71 years old) participated in Experiment 1, along with all of the younger control participants. Two of the PCA patients, (MTB and PLH), were unable to participate in Experiment 1 due to problems in maintaining fixation long enough for the eye-tracker to calibrate.

Procedure

Prior to the start of the experiment, all participants received written and verbal instructions as well as a demonstration of the eye-tracking equipment used in the study. Participants were seated at a table and positioned with their head resting on a chin rest ~50 cm from a 20.1" LCD monitor running at a resolution of 1600 × 1200 and at 60 Hz. An Eye-link II (250 Hz sampling rate, spatial resolution <0.5°; SR Research Ltd., Osgoode, ON, Canada) was used to record eye-movements throughout the experiment. Each participant was first calibrated using a nine-point calibration screen and validated to less than 1° of error. Pupil and CR-based tracking were used in monocular mode, and participants were tested individually at a station consisting of a 3.2 GHz computer, keyboard, and monitor.

Each experimental trial, presented by in-house software written in Matlab® 2008a (MathWorks, Natick, MA), began with a fixation point that was used for in vivo drift correction, to compensate for headband slippage or other small movements in the head-mounted eye-tracker. Following the fixation marker, a “cue” face was presented at the center of the computer screen. Participants were instructed to look at the face until they memorized the image. There were no time limits. The participants then pressed a spacebar when they were finished viewing the “cue” face, at which point a checker-pattern mask appeared for 250 ms. Following the mask, a “target” face then appeared. Cue and target stimuli consisted of 76 oval masked faces (300 pixels across the center; 38 “cue” faces, 38 “target” faces) derived from the Productive Aging Lab database (Minear and Park, 2004), converted to grayscale on a black background. The mask was applied to remove external features such as hair, jewelry, and jaw line. Half of these cue-target pairs were comprised of the same face (matched pair), while half were comprised of two different faces (unmatched pair) with the stimulus presentation order randomized for each participant and at least four trials used as practice at the beginning of the experiment.

The participants were instructed to press the spacebar as soon as they made a same/different decision about the serially presented “cue” and “target” faces, and then required to press the “1” key for “same” and the “2” key for “different.” Due to the difficulty experienced pressing the response buttons within the PCA group, the patients were asked to simply press the spacebar key once they made their decision for the target, and to then lift their left hand slightly from the desk for a “same” response, and to leave their left hand on the table top to respond “different.” Verbal responses could not be used due to the chin rest. All of the patients completed enough training in this response procedure to demonstrate adequate understanding to the experimenter before the experimental trials began. For the PCA group, the experimenter pressed “1” for same, and “2” for different, using a response pad that was connected to the computer keyboard. Healthy participants used the standard key presses for same/different responses. The response key presses terminated the response screen, and initiated the next trial. No feedback was given to the participant with regard to accuracy. The accuracy, and viewing time of the cue and target faces was recorded by the same in-house software and exported to a text file.

Data analysis

Comparisons of the number of errors between control groups were conducted using a two-tailed independent-samples t-test, with all results significant at p < 0.05. To examine the pattern of eye scanning behavior, faces were divided into eight regions of interest (ROI): left eye, right eye, nose, mouth, chin, forehead, left cheek, and right cheek (Figure 2). ROIs were based on the stimulus; therefore the left eye of the stimulus fell in the right visual field of the participant.
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FIGURE 2. Facial ROIs, ROIs were defined as areas around anatomical features. The face presented is a sample of the ones used in the experiments.



To control for differences in the time spent viewing stimuli, the proportion of fixation duration was calculated by dividing the totals found for each ROI, by the total calculated for the whole stimulus image. These numbers were then averaged for each participant, across stimuli. For the control groups, participant data was pooled for a grand mean of proportion of fixation duration, while means for the PCA group were calculated across stimuli only. A series of paired-samples t-tests, corrected for multiple comparisons (p < 0.0021) using the Bonferroni procedure, were conducted within each control group to determine if there were any differences in scanning between ROIs. Ninety-five percent confidence limits were then obtained from the control mean proportion of fixation duration using SPSS for comparisons between controls and each individual with PCA.

Previous research has shown that in healthy individuals fixations are typically made to the top of the nose, and scan paths move between the eyes and the nose. In order to determine whether our participants targeted similar facial locations, we re-examined fixations in the eye region using two sets of three smaller ROIs. In one analysis, the x-axis of the image was divided into three columns resulting in a Right Side, Midline, and Left Side ROI. In a separate analysis, the same eye region was divided into three horizontal rows resulting in Eye Brow, Eye Lid, and Eye ROIs (Figure 3).
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FIGURE 3. Eye area ROIs. The area around the eyes was further divided into two sets of three smaller ROIs to examine in more detail which areas received the most focus. In one analysis, the x-axis was divided into three vertical ROIs containing (from left to right on the image) the Right Side of the Face, the Midline, and the Left Side. In a separate analysis, the region was divided into three horizontal rows containing (from top to bottom) the Eye Brow, the Eye Lid, and the Eyes.



EXPERIMENT TWO—FACE PERCEPTION IN A RESTRICTED-VIEW TASK

Participants

The entire PCA group (RB, SS, AP, MTB, and PLH) was recruited for this experiment, along with the same undergraduate control participants. Three of the four age-matched healthy controls from Experiment 1 also participated in Experiment 2 (3 females, all right handed, Mean age = 73 years). The fourth age-matched control voluntarily withdrew from the study following completion of Experiment 1; therefore one new age-matched control was recruited for Experiment 2.

Procedure

Prior to the start of the experiment written and verbal instructions were provided followed by a demonstration of the computer based tasked. Participants were seated at a desk or table ~50 cm away from a 15" laptop with touch-sensitive computer screen on which the “Viewing Window” task was presented. The Viewing Window is a computer based task developed in-house, written in Matlab® (Mathworks, Natick, MA). This task was initially developed in our laboratory to investigate visuomotor adaptation during an object identification task (Baugh and Marotta, 2007, 2009; Baugh et al., 2011; Lawrence-Dewar et al., 2012).

For this variation of the previous task, a single face was presented at the center of the screen with a Gaussian blur applied so that features of the image were not distinguishable. However, some information regarding the overall location and dimension of the face was attainable. In order to view part of the image in perfect clarity, a small user controlled “Viewing Window” (1.3 cm in diameter) could be moved around the touch sensitive screen to explore the image. However, the focus-window did not appear until the participant touched the stylus to the screen in order to avoid positional biases. Participants were instructed to touch the stylus to the computer screen as soon as the blurred face was visible, and to explore the underlying image with the focus-window. The faces presented in Experiment 2 were a separate set of stimuli, from the same database, that was prepared in the same way as Experiment 1. The remainder of the procedure was identical to Experiment 1, except that the PCA patients gave verbal responses that were entered by the experimenter.

Data analysis

Behavioral measures examined included the number of errors and the scanning pattern revealed by the location and path of the Viewing Window. The same ROIs defined in Experiment 1 were used in Experiment 2. Statistical analyses were performed in the same manner as Experiment 1.

RESULTS

EXPERIMENT 1—FACE PERCEPTION IN AN OPEN-VIEW TASK

Aged vs. young controls

Comparisons between control groups were conducted using a two-tailed independent-samples t-test. The results showed no significant differences in errors when aged (M = 83.04%, SD = 17.59) and young (M = 86.31%, SD = 12.82) controls were compared [t(14) = 0.748, p > 0.05]. Gaze was directed primarily to central ROIs (see Figure 4A for representative scan paths), with the highest proportion of fixation duration occurring within the Eyes, Nose, and Mouth ROIs. Scan paths of young and aged healthy individuals were strongly correlated r = 0.95, n = 8, p < 0.01. A closer analysis of the data confirmed these patterns. Due to the overall lack of significant differences found between aged and young controls, further discussion and comparison to individuals in PCA group will be limited to the aged control group. Examination of the smaller ROIs around the eye region revealed that aged controls spent the greatest amount of time viewing the Vertical Midline and Left Side, as well as the Eye Lid and Eye ROIs (Figure 5A).


[image: image]

FIGURE 4. Patterns of scanning in healthy controls and PCA Patients during the open-view face matching task. (A) Representative scan patterns observed in young and healthy controls and PCA patient RB, AP, and SS. (B) Face ROIs in which PCA patients RB, AP, and SS attend to more (red) and less (blue) than age-matched controls as measured by proportion of fixation duration.
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FIGURE 5. Attention to eye region ROIs during the open-view face matching watch. (A) The mean percentage of duration observed in Aged healthy controls is overlaid on each ROI. (B) The proportion of fixation durations of PCA patients RB, AP, and SS were compared to the means of Aged healthy controls with red indicating areas of greater duration and blue indicating areas of less duration. The White lines indicate the boundaries of the ROIs.



Patients

A signal detection analysis was conducted on the performance of the aged control and patient groups to distinguish performance on the same/different face matching task independent of response bias. Single sample t-tests failed to confirm that d' scores were different from zero for either the aged controls [d′ = 2.95, SEM = 1.21, t(3) = 2.43, p = 0.093], or patients [d′ = 0.41, SEM = 0.74, t(2) = 0.55, p = 0.64]. The result was surprising given a d′ equal to 2.95 suggesting a lack of statistical power rather than an absence of discrimination. An independent samples t-test also failed to confirm that the aged controls outperformed the patients, t(5) = 1.68, p = 0.14. But, once again, the large difference between a mean d′ of 2.95 and a mean d′ of 0.41 is more an indication of statistical complications due to the small sample size as a result of the inability of some of the PCA patients to calibrate on the eye-tracker. An analysis of response bias failed to confirm that either aged controls (C = −0.05, SEM = 0.21) or patients (C = 0.72, SEM = 0.48) were biased to respond same or different, relative to chance, all ps > 0.25. Although statistically uncorroborated, it does appear that aged controls outperformed the patients and that difference was independent of response bias.

Patient RB. Compared to healthy age-matched participants (95% CI [55.05%, 100%]), RB made significantly more errors in judging the two faces as being the same or different, making a correct judgment on only 35.71% of trials. Additionally, RB's scanning pattern differed from controls in that she spent longer looking at the Forehead ROI (22.37%; Controls' 95% CI [0.5%, 13.56%]) and less time looking at the Mouth ROI (4.6%; Controls' 95% CI [5.59%, 27.79.56%]) (Figures 4A,B). Parsing of the eye ROIs revealed that RB produced a longer proportion of fixation durations in the Midline (46.43%) compared to healthy controls (95% CI [34.84%, 44.79%]) (Figure 5B).

Patient SS. SS made significantly more errors than aged controls, making a correct matching judgment on 53.57% of trials. SS's scanning pattern deviated from controls in that he spent longer looking at the Nose (57.89%; Controls' 95% CI [9.64%, 26.27%]) and Right Cheek (2.56%; Controls' 95% CI [0%, 1.95%]) ROIs, but less time looking at the Right Eye (17.98%; Controls' 95% CI [18.29%, 32.19%]) and Mouth ROIs (4.26%) (Figures 4A,B). Parsing the eye ROIs revealed that compared to aged controls, SS showed significantly longer proportion of fixation duration to the Midline (59.26%), and significantly shorter proportion of fixation duration to the Left Side (16.3%; Controls' 95% CI [25.14%, 50.15%]) (Figure 5B). This central focus by SS is most likely the result of his self-reported strategy of focusing on the nose for face matching purposes.

Patient AP. AP did not make more errors than her healthy counterparts, as she made correct judgments on 60.71% of trials. When viewing the face stimuli, AP's scan pattern revealed that she spent a longer time viewing the Right Cheek (3.47%) ROI than controls (Figures 4A,B). Parsing the eye ROIs, we found that AP produced a significantly longer proportion of fixation durations to the Midline (53.81%), and shorter proportion of fixation durations to the Right Side ROI (10.12%; Controls' 95% CI [11.01%, 34.08%]) compared to controls (Figure 5B). AP's increased focus on the right cheek may partially be due to the high contrast border between the edge of cheek and the black background.

EXPERIMENT 2—FACE PERCEPTION IN A RESTRICTED-VIEW TASK

Aged vs. young controls

There were no significant differences in accuracy found when aged (M = 85.38%, SD = 7.76) and young (M = 88.69%, SD = 10.42) controls were compared [t(14) = 0.246, p > 0.05]. While exploring the face stimuli with the Viewing Window, control participants spent the largest proportion of their viewing time examining the Left Eye, Nose, and Left Cheek ROIs. Scan paths mainly centered on the T zone containing the eyes, nose, and mouth (see Figure 6A for representative scan paths). The Viewing Window paths generated by the young and aged healthy individuals were strongly correlated r = 0.91, n = 8, p < 0.01. A closer analysis of the data confirmed these patterns. Due to the overall lack of significant differences found between aged and young controls, further discussion, and comparison to individuals in PCA group will be limited to the aged control group. Examination of the smaller ROIs around the eye region revealed that aged controls spent the most time viewing the Vertical Left Side as well as the Eye ROIs (see Figure 7A).
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FIGURE 6. Patterns of scanning in healthy controls and PCA Patients during the restricted-view face matching task. (A) Representative scan paths observed in young and healthy controls and all PCA patients. (B) Face ROIs in which PCA patients attend to more (red) or less (blue) than age-matched controls as measured by proportion of fixation duration.
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FIGURE 7. Attention to eye region ROIs during the restricted-view face matching task. (A) The mean percentage of duration observed in Aged healthy controls is overlaid on each ROI. (B) The proportion of fixation durations of PCA patients were compared to the means of Aged healthy controls with red indicating areas of greater duration and blue indicating areas of less duration. The white lines indicate the boundaries of the ROIs.



Patients

A signal detection analysis was conducted on the performance of the aged control and patient groups to distinguish performance on the same/different face matching task independent of response bias. An independent samples t-test confirmed that the aged controls (d′ = 2.87, SEM = 0.74) outperformed the patients (d′ = −0.12, SEM = 0.26) in the same/different Viewing-Window test, t(7) = 2.94, p < 0.05. Additional single sample t-tests comparing d′ against zero confirmed that whereas the aged controls discriminated same from different faces, t(3) = 3.87, p < 0.05, the patients did not, t(4) = 0.45, p = 0.68. An analysis of response bias failed to confirm that either aged controls (C = −0.15, SEM = 0.31) or patients (C = 0.30, SEM = 0.13) were biased to respond same or different, relative to chance, all ps > 0.25. In conclusion, aged controls outperformed the patients and that difference was independent of response bias.

Patient RB. RB made significantly more errors than controls (95% CI [73.03%, 97.73%]) in making face comparisons in Experiment 2, correctly judging the face stimuli as the same or different in only 39.29% of trials. Compared to age-matched control participants, RB produced a significantly longer proportion of the viewing duration in the Mouth (21.73%; Controls' 95% CI [1.21%, 11.92%]), Chin (6.72%; Controls' 95% CI [0%, 3.78%]), Forehead (5.75%; Controls' 95% CI [0%, 5.27%]), and Right Cheek (3.29%; Controls' 95% CI [0%, 0.15%]) ROIs, with a significantly shorter proportion of the viewing duration in the Left Eye (15.14%; Controls' 95% CI [18.78%, 34.35%]) and Left Cheek (14.96%; Controls' 95% CI [15.61%, 42.98%]) regions (Figures 6A,B). In the eye-region ROIs, RB produced a significantly higher proportion of viewing duration in the Right Side (0.81%; Controls' 95% CI [0%, 0.31%]), the Eye Brow (18.71%; Controls' 95% CI [0%, 11.69%]), and Eye Lid (35.80%; Controls' 95% CI [17.71%, 31.33%]) ROIs. At the same time, RB produced a significantly shorter proportion of viewing duration in the Midline (32.68%; Controls' 95% CI [33.34%, 44.68%]) and Eye (45.5%; Controls' 95% CI [57.83%, 82.55%]) ROIs (Figure 7B).

Patient SS. SS made significantly more errors in matching the two faces, making correct judgments on 57.14% trials. Compared to the age-matched control group, SS produced significantly longer proportion of viewing duration in the Nose (63.49%; Controls' 95% CI [27.66%, 35.90%]) and Right Cheek (0.94%) ROIs, but shorter proportion of viewing duration in the Left Eye (11.92%) and Right Eye (0.59%; Controls' 95% CI [0.82%, 4.64%]) regions (Figures 6A,B). Parsing the eye ROIs, we found that SS showed significantly longer proportion of viewing duration in the Right Side (1.23%) compared to aged controls (Figure 7B).

Patient AP. AP made significantly more errors judging the similarity of faces than controls, making a correct match on only 35.71% of trials. AP's scanning pattern showed a significantly longer proportion of viewing duration in the Left Eye (40.75%) and Forehead (12.78%) ROIs, with significantly lower proportion of viewing duration in the Nose (17%) region (Figures 6A,B). Parsing the eye ROIs revealed that AP produced significantly longer proportion of viewing duration in the Eye Brow region (31.32%) and Eye Lid region (33.69%) compared to controls, while her proportion of viewing duration was significantly shorter in Eye Region (35%) (Figure 7B). Overall, AP's pattern of behavior in the RV task suggests a focus on areas of high contrast (e.g., the eyebrow and the border of the forehead and black background).

Patient MTB. MTB made significantly more errors than the healthy age-matched control group, making correct judgments on 55.56% of trials. Compared to controls, MTB showed a significantly longer proportion of viewing duration in the Mouth (28%), Chin (14.99%), and Right Cheek (2.11%) ROIs, with a significantly shorter proportion of viewing duration in the Left Eye (16.56%) and Nose (15.52%) regions (Figures 6A,B). Within the parsed eye ROIs, MTB produced significantly higher proportion of viewing duration in the Right Side (3.77%), Eye Brow (17.55%), and Eye Lid (35.47%) ROIs, and produced significantly shorter proportion of viewing duration in Eye ROI (46.98%) (Figure 7B). Given her preference for viewing the Eye Brow and Eye Lid Regions, it seems that, like AP, MTB appears to be focusing on high-contrast areas like the eyebrows rather than focusing on the eyes themselves, as the controls did.

Patient PLH. PLH produced significantly more errors, making correct judgments on only 42.86% of trials. Compared to the age-matched controls, PLH showed significantly longer proportion of viewing duration in the Mouth (21.61%), Chin (3.84%), and Right Cheek (0.23%) ROIs, with significantly shorter proportion of viewing duration in the Nose (12.22%) region (Figure 6B). Parsing the eye ROIs revealed that PLH showed significantly longer proportion of viewing duration in the Right Side (0.93%), Left Side (73.9%), Eye Brow (23.16%), and Eye Lid (34.99%), and showed significantly shorter proportion of viewing duration for Midline (25.17%) and Eye (41.86%) (Figure 7B). This pattern suggests that PLH spent more time viewing areas of high contrast, such as the eyebrows, rather that on areas like the eyes themselves.

An overview of the results for both experiments is presented in Table 2.

Table 2. Summary table for the PCA patients' and aged controls' accuracy results and the percent duration spent in each of the major ROIs for Experiment 1 [Eye tracking (ET)] and Experiment 2 [Viewing Window (VW)].
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DISCUSSION

The responses of individuals with PCA to basic perceptual tasks, such as object identification using line drawings, suggest that they are unable to take into account all of the available information when viewing an image. The patients persistently attempted to identify images based on very select information extracted from a small part of the overall picture. For example, during preliminary testing, RB asked if a line drawing of a beaver was a “path,” pointing to the cross-hatched pattern on the animal's tail. RB went on to identify a picture of a camera as a “tunnel,” while pointing at the camera's lens. Clearly, RB and the other individuals with PCA suffer from a severely restricted window of visual focus; they do not seem to be able to “see” the entire object. Similarly, many of the PCA patients have great difficulty with face recognition. Again, preliminary testing revealed that these individuals often hone-in on one specific aspect or feature of a face, such as hair color or eyebrow shape, in order to identify the individual. As a result of this restricted focus, it is sometimes the case that larger and more “obvious” identifying features, such as skin color, are overlooked.

In Experiment 1, healthy controls spent the longest time viewing the regions of the image that make up the central “T-shape” of facial features, which includes the eyes, the nose, and the mouth. Further analysis revealed that fixations that fell within the areas surrounding the eyes preferentially targeted the regions containing the eyes themselves (as opposed to the eyebrows), as well as the area between the eyes and the upper nose. In contrast, PCA patients, RB, AP, and SS, showed a tendency to spend more time examining “non-diagnostic” areas of the face—such as the forehead and the cheeks. These areas provide very little featural or configural information that is useful for performing a face-matching task. Despite the patients' poor performance, the results of the open-view task clearly demonstrate that individuals with PCA are not impaired in their ability to scan an entire image. For example, in the open-view task, the PCA patients often showed fixation durations to key regions of the face—such as the eyes, nose, and mouth—that were no different from controls. It seems, however, that despite their intact scanning ability, the PCA patients are unable to combine individual face elements into a cohesive and recognizable whole and attempt to identify images based on a single feature.

The scanning behavior of the PCA patients does not obviously correspond to that seen in cases of typical face blindness. For example, we did not witness a tendency for individuals with PCA to spend a disproportionate amount of time looking at the mouth—a behavior that seems to be common among individuals with prosopagnosia (Le et al., 2003; Caldara et al., 2005; Barton et al., 2006; Bukach et al., 2008; Orban De Xivry et al., 2008). Similarly, the PCA patients' behavior did not perfectly mirror that previously noted in individuals with simultanagnosia, who have been shown to spend less time looking at the eye-region and more time looking at areas of high contrast (Dalrymple et al., 2011a,b). Instead, the individuals with PCA showed a unique scan pattern, spending a similar amount of time viewing the central ROIs as controls, but with an added tendency to spend more time scanning non-central facial features. The natural scanning behavior of individuals with PCA seems far more haphazard—or random—compared to the precise and directed fixation patterns exhibited by controls.

In contrast to the open-view task in Experiment 1, during the restricted-view task in Experiment 2, aged controls showed quite lateralized scanning patterns, spending more of their time in the ROIs on the right side of the computer screen. The majority of the healthy participants were right-handed and used their right hands to manipulate the stylus that was used to control the Viewing Window. Therefore, it is possible that participants were able to extract enough featural and configural information from the left half of the face that they could avoid having to produce more effortful cross-body arm movements to inspect the right side of the face. Indeed, the control groups' accuracy scores for the face matching tasks in Experiments 1 and 2 were similar (83.04 and 85.38%, respectively), indicating that neither the Viewing Window nor the left-sided bias in the restricted-view task had a detrimental effect on healthy individual's abilities to perform the task. An alternate explanation for the rightward scanning bias that should be considered is the emphasis on parts-based, or local processing, brought about by the Viewing Window. Parts-based processing has been associated with processing systems in the left hemisphere (Lobmaier et al., 2008), and the restricted-view task is designed to limit participants to a parts-based approach because configural information cannot be acquired easily using the Viewing Window. Thus, the bias toward the right visual field could be due to an increased reliance on parts-based processing from the left hemisphere.

The PCA group, as a whole, demonstrated a pattern of behavior in the restricted-view task that was very different from that of the age-matched healthy individuals, and their movement of the Viewing Window was far less restricted to the right side of the computer screen (despite four of the five patients being right handed). Instead, the individuals with PCA showed a greater focus on peripheral face-regions, with PCA patients tending to trace the outline of the face—following the high-contrast border between the face and the black background. PCA patients also spent a disproportionate amount of time viewing the upper regions of the eye-ROIs, which contain the “high-contrast” eyebrows rather than the eyes. This behavior is very similar to that which has previously been associated with simultanagnosia; Dalrymple and colleagues showed that individuals with simultanagnosia spend more time looking at areas of high contrast when compared to healthy control subjects (Dalrymple et al., 2011a,b). This similarity, combined with the previous observation that the face-viewing behavior of PCA patients does not directly resemble that of individuals with prosopagnosia, suggests that it is the reduced effective field of vision exhibited by PCA patients that is playing a significant role in their face perception deficits.

As a group, the PCA patients showed a number of definitive differences compared to the controls. However, each individual also displayed quite a unique pattern of behavior that often differed from others within the PCA group. There was no indication of a stark difference in these patterns associated with accuracy on a particular trial. PCA is the result of a progressive cortical degeneration that can produce distinct patterns of symptoms depending on the precise cortical areas affected by the disease. As such, the behaviors demonstrated in the current study are likely the result of numerous independent, yet often related disorders, such as prosopagnosia, simultanagnosia, visual neglect, optic ataxia, gaze apraxia, etc. These differences between individuals are often subtle, but they can have a large impact on studies such as this one. For example, individuals who suffer to a greater extent with visuomotor or motor-guidance symptoms may have far more of an issue with the restricted-view task, due to the required use of a stylus. An examination of motor behavior in a grasping task in the same PCA patients presented here is described in an accompanying paper (see Meek et al., 2013).

CONCLUDING REMARKS

When designing these experiments, we wondered whether the Viewing Window–a restricted-view task–would improve the performance of PCA patients in a face-matching task. Just as a restricted-view task can aid reading by allowing a patient to process one letter at a time, we hypothesized that the Viewing Window could aid in face perception. Perhaps knowing that they were only seeing a small part of the face at any one time would encourage the individuals with PCA to more fully explore parts of the face. Instead, it appears that the perceptual deficits present in most of our PCA group prevented them from even knowing what “part” of the face they were looking at through the focus-window. However, an advantage of the Viewing Window task did make itself clear—no need for calibration. Two members of our PCA group were only able to participate in the Viewing Window task because they were unable to maintain fixation long enough to complete calibration for the eye-tracker. Even the age-matched healthy control group was often difficult to calibrate on the eye-tracker because of prescription glasses and rapid fatigue.

Previous research, recording eye movements during manually operated focus-window tasks, like the Viewing Window task, has found that gaze patterns closely match the paths of the focus-windows (Baugh and Marotta, 2007; Dalrymple et al., 2007; James et al., 2010). The highly portable nature of the task, combined with compatibility with prescription eyeglasses, better patient comfort relative to head mounted eye-tracking systems, and the advantage of not having to calibrate participants, suggests an important possible role for the Viewing Window task in assessing the visuomotor performance of elderly or patient groups with neurological injury (Lawrence-Dewar et al., 2012).

Individuals with PCA produced unique scan paths that often focused on non-diagnostically useful areas of the face, rather than specific facial features. Attention to these locations was not altered by the application of a restricted viewing aperture, suggesting difficulty in face processing at either the configural or featural level. These results suggest that a reduced effective field of vision, along with basic perceptual impairments, play a major role in the face-perception deficits observed in PCA. In fact, it appears that the deficit in PCA patients is so severe that it results in an extreme dependence on local processing, such that even a feature-based approach is not possible.
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Table 1| Control patients with their associated ages, gender and lesion information.

Patient initials Age attest  Neuropsychological deficit Type of Time since Lesion side, location  Lesion volume (cc)
(years) brain injury  injury (years)

GA 56 Amnesia, dysexecutive symtpoms  Other* 16 B, temporal, frontal 154.0

Ja 57 Dysexecutive symptoms Stroke 2 R, fronto-parietal 122.9

PH 38 Aphasia, dyslexia, right extinction  Stroke 12 L, frontal 108.7

PJ 42 Aphasia Other® 2 No lesion on scan

RP 56 Left neglect, extinction Stroke 6 R temporo-parietal 19.7

ST 54 Visual field defect Stroke 3 B, occipital 105

*Herpes simplex encephalitis; @ unspecified vasculitis; cc, cubic centimetres; B, bilateral; L, left; R, right.
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Patient number 1 2 3 4 5 6 ¥ 8 9 10 1 12 13 PCAmean Nbelow Normative

(sD) 5th %ile mean (SD)
Age (years) 666 58.1 686 619 62.5 545 60.8 727 853 632 657 620 640 65.1(76) - -
Gender M F M M F F F F F M F M F B8E5M - -
Disease duration (years) 47 03 45 38 105 24 56 40 31 65 55 18 89 47(28 - =
MMSE (/30)* 16 24 24 26 20 NT 17 NT 27 18 17 22 15 205(41) - =
SRMT words (/25)° B 21 25 23 23 14 18 20 24 19 24 20 20 205@4) 7 237 (1.8)
SRMT faces (/25)° 13021 23 24 18 20 18 19 16 14 17 24 10 18345 8 228(1.9)
Concrete synonyms (/25)° 19 24 18 21 22 14 20 24 24 21 NT 24 1 202042 2 20.8(3.0)
Naming from description /20 17 19 16 18 5 3 17 16 11 6 4 20 4 120(66 8 18.9(15)

Calculation (/26)° 20 M 17 16 10 1 12 14 19 8 10 17 7 12868 7 20.73.1)
Spelling (/20)" 2 18 16 1M 0 0 7 18 19 6 7 17 3 103070 6 19.49 (6.49)
PERCEPTUAL
Acuity? 6/9 6/9 6/18 612 618 UT 69 6/12 618 6/9 6/18 6/9 6/12 — - -

Figure ground (/20)" 20 17 20 2 10 110 17 18 11 16 15 18 11 15639 10 19.9(0.3)
Fragmented letters (/20" 4 8 1M 19 0 0 1B M 0 0 4 17 1 6868 N 18.8(14)
Object decision (/20)" M o15 14 18 5 M 8 15 7 8 6 16 7 10843 9 177 (19)
Number location (/10)" 5 5 7 0 0 0 4 6 5 3 2 8 0 4232) " 9.4(1.1)
Color discrimination (/48) 47 48 46 48 28 39 47 43 41 44 44 46 38 430(56) M 479(0.2)

Raw scores for each patient are presented, with mean and standard deviation scores for the PCA patient group and relevant normative data. UT, untestable, NT, not
tested.

Normative data samples: *minmental state examination Folstein et al, 1975; ®Werrington, 1996; *Warrington et al 1998; ¢Randlesome (unpublished data N =
100); ¢ Crutch (unpublished date); ' Baxter and Warrington, 1994; 9 cortical visual screening test (CORVIST) James-Galton et al, 2001; "Warrington and James, 1997;
i Connell (unpublished data; N = 54).
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Controls Patients
Scene Object Face Total Scene Object Face Total

(A) MEAN ERROR RATE (PERCENTAGE ERROR)
Color 067 050 133 083 910 538 1205 885
Grayscele 1.00 050 1.67 106 1051 679 1628 11.20

Total 083 050 150 094 981 609 1417 1002
(B) HARMONIC MEAN RESPONSE TIMES (s)
Color  1.03 097 103 101 190 173 162 175

Grayscale 1.00 094 098 097 199 1.69 157 1.75
Total 1.00 095 101 099 194 1.71 169 1.75
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RB mTB ss ap

Age 7 67 66 78

Sex F F ™M £

Handedness Right Right Right Left

MMSE 26 (normal) 30 (normal) 30 (normal) 28 (normal)

DRS2 126, 6-10th percentile 126, 3-6th percentile 129, 6-10th percentile 133, 29-40th percentile

Reaction time (Median)
Finger tapping (Right)
Finger tapping (Left)
Object counting

Object dentification
Boston naming

Benton line orientation
Benton VFDT

Benton FRT

(mildly impaired)
560ms

19 taps/10's
1851aps/10's
1214

5/18

s

s

1132

38/54 (moderately
impeired)

(moderately impaired)
672ms

15.316ps/10's

1183 1aps/10's

34

1818

s

Unable to perform
Unable to perform

29/54 (severely impaired)

(mildly impaired)
717ms

2151aps/10's
212taps/10's

6/14

/18

ns

2130

s/14

34/54 (severely impaired)

(below average)
642ms

58 1aps/10s
143 taps/10s
nna

1818

1415

ns

19/32

45/54 (normal)

Abbrevistions: MMSE, Mini-Mental State Examination; DRS-2, Dementia Rating Scale; Benton VFDT, Benton Visual Form Discrimination Task; Benton FAT Benton

Facial Recognition Test.





OPS/images/fnhum-07-00294/fnhum-07-00294-t002.jpg
Slope. Ld p-value
RB 0048 0152
MTB 0444 <0001
ss 0232 0.001
AP 0295 <0.001
Control | 0634 <0001
Control I 0395 <0001
Control Il 0599 <0.001
Control IV 0728 <0.001
Control 0622 <0.001
Control i 0846 <0.001
Control it 0507 <0001
Control Vill 0477 <0.001
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Scenes-natural Scenes-manmade

Color 1051 769
Grayscale 13.08 795
Total 11.80 782
ERRORRATE-CONTROLS
Color 133 000
Grayscale 167 033
Total 150 0.17
RESPONSE TIME—PATIENTS
Color 199 183
Grayscale 216 185
Total 208 184
RESPONSETIME-CONTROLS
Color 105 101
Grayscale 104 097

Total 105 0.99
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Mean sp

FIXATION DURATION (ms)

Young controls 272.96 50.90
Age-matched controls 268.94 2582
PCA patients 302.10 85.60
SACCADE AMPLITUDE (DEGREES OF VISUAL ANGLE)

Young controls 5.00 0.93
Age-matched controls 3.68 103

PCA patients 322 138
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Condition Acute and chronic patients Excluding chronic patients

No. of patients r P No. of patients r 13
CHCF 2 0578 0001 2 0551 0.004
CHIF 2 -0.067 0735 2 -0.057 0787
IHCF 2 0348 0070 2 0365 0073
HIF 2 ~0.180 0360 2 ~0.158 0.450

Pearson correlation () was calculated between the difference values of the percentage error scores of two test sessions for all hand-field combinations (CH,
contralesional hand: IH, ipsilesional hand; CE contralesional visual field: IF ipsilesional visual field).
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Condition Full data set Excluding extreme values

No. of participants r I3 No. of participants r P
RHLF a7 0843 <0001 a7 0823 <0001
RHRF 8 0947 <0001 6 0849 <0001
LHRF 50 0718 <0.001 50 0718 <0.001
LHLF 50 0899 <0.001 49 0750 <0.001

Pearson correlation coefficients 1) were calculated between the difference values of the percentage error scores evaluated by two raters independently for all
hand-field combinations (RH, right hand; LH, left hand, RE right visual field: LE left visual field).
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Patient number RH-RF LHLF

1 3077 15.15
2 000 333
3 000 303
a 10.42 1053
5 nn 10.00
6 556 556
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8 175 12.28
9 176 577
10 000 256
n 303 333
12 556 10.00
13 303 6.67
14 35.56* 11.04
15 583 273
16 19.44% -303
7 1333 051
18 278 833
19 778 0.00
20 1 333
2 238 7.02
2 303 476
23 000 667
2 10.00 209
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RH-LF RH-RF LH-RF LH-LF Congruent conditions

Mean (SD) 248(3.83) 453 (.29 154(2.00) 4.95(5.86) 4.74(4.45)

Cutoff 2 SD 102 13.0 56 167 136

Cutoff C&G 0.05 o1 8 5.1 150 124

Cutoff C&G 0.01 120 15.1 66 195 158
CEREBELLARPATIENTS
Mean (SD) 340 4.57) 831(8.97) 2943.21) 601 (4.19) 7.16 (5.47)

Cuteoff (2 SD) 125 263 94 144 168

Cutoff (C&G 0.05) 14 240 86 134 212

Cutoff (C&G 0.01) 151 312 n2 167 267

The mean percentage error scores are given with their standard deviations for all hand-field combinations (RH, right hand; LH, left hand, RE right visual field, LE left
visual field) and for the congruent conditions together (RH-RF and LH-LF). The resulting cut-off scores (rounded) are given in parentheses.
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Description
« Participant grasps pole in one fluent movement

« Participant grasps pole in one fluent movement at the
lower edge only (at most three fingers touch the pole
Wwhereas the others fail)

« Participant touches the pole only with the finger tips
and completes full hand grip in a second movement

« Participant falters or hesitates during hand transport
10 the target but eventually reaches the pole

« Participant does neither grasp nor touch the pole with
any finger in the first movement but grasps it in &
second movement after an almost complete stop in
between

« Participant jolts the pole during the first movement
fe.g. with the back of the hand) but correctly grasps
itin a second move.

« Participant does neither grasp the target in the first
nor in any following movement
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Stroke patients interrater  Stroke patients test-retest CA patients

Number of participants 36 52 28 2
Mean age in years (range)  60.0 (43-73) 66.0(28-85) 68.6 (50-85) 50.9 (13-80)
Gender 19 females 17 females. 5 females 8 females
17 meles 35 males 23 males 16 males
HP - 10 HP THP -
HA/QA - 4HA 40A -
80A
Stereoptic vision (TNO) 32 intact 36intact 22intact 21 intact
Type of lesion - 46 ischemia 25 ischemia -
5 hemorrhage 2 hemorrhage
1 both 1both
Side of lesion - 24 left 15 left -
20right 13right
8bilateral
Time since onset - 41 acute patients (mean 5.8 25 acute patients (mean 4.9 days, 24 chronic patients
days, range: 1~40 days) range: 1-20 days) (mean 2,967 days, range:
11 chronic patients (mean 3 chronic patients (mean 3,000 365-14,600 days)

1,542 days: 390-6,500 days)  days, range: 700-6,500 days)
SARA total score - - - mean 116 (range: 4-22)

CA, Cerebellar ataxia; HP hemiparesis; HA, hemianopia; QA, Quadrantanopia; Stereoscopic vision, rated as intact if the participants passed at least the first plate of
the TNO; SARA, scale for the Assessment and Rating of Ataxia (Weyer et al., 2007).
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Novice
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30+2
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Experiment 1 N-Back 2 Detection 3 Detection 4 Counting

task (mini chess board) (full chess board)
Conditions ~ Chess  Faces ~Check/ ~ Rook/  Control Check/ Identity ~Control Threats Knights&  Control
no check knight no check bishop
TRURIGHT
Result + 0 0 0 0 + + + + + 0
TPOLEFTANTERIOR
Result + 0 0 o o +* 0 0 + + 0
TPULEFTPOSTERIOR
Result + o 0 o o +* o o o o 0

The asterisks mark significant results derived from preceding full factorial analyses with p-values slightly above 0.05 (please see results section for Experiment 3).
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RB ss AP MTB  PLH  C1 c2 c3 c4 cs
Age 7 66 78 67 62 63 67 80 “ 75
Sex F ™M F F F F F F F M
Handedness R R L R R R R R R R
Benton FRT <375l <375l 47Norm <37SI <37SI 51Norm 51Norm 52Norm 54Norm 54 Norm
Famous faces (%) 2 a 50 58 12 92 66 58 60 62
Object ID (%) 2728 722 100 00 722 100 100 100 9.4 944
Object count (%) 857 429 7186 643 286 100 100 100 929 100
Shape-match (%) 830 1000 1000 944  NA 100 N/A 972 972 972
Boston naming (%) 200 467 1000 730 200 100 730 100 100 933
Finger tap right (Hz) 19 26 12 15 28 36 31 30 30 50
Finger tap left (Hz) 19 19 14 12 28 38 27 25 31 36
Median reaction time (ms) 5595 7170 6415 6720 NA 2860  NA 2340 3755 3010
Phonemic fluency (total words) 17 19 16 2 NA 8 19 13 17 18
10 14 12 15 NA 4 14 1 13 15

s 16 20 7 16 NA T 14 15 12 13
MMSE 2 28 2 28 2 30 30 30 30 30
DRS-2 score 126 129 134 125 108 142 136 135 139 142
Percentile 610 610 2940 35 <ist  82-89 2940 2940  60-71  82-89

Abbreviations: FRT, Benton Facial Recognition Test; SI, Severely Impaired: MMSE, Mini-mental state examination; DRS-2, Dementia Rating Scale.
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