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ABSTRACT 

The purpose of this paper is to examine questions about the role of the 

hippocampal formation in spatial cognition and spatial navigation. Specifically, Study 1 

and Study 2 show that patients with unilateral language nondominant anterior temporal 

lobectomy (ATL) show impairments on tasks assessing cognitive mapping. Study 3 

shows that the ability of these patients to navigate a virtual environment (VE) by means 

of cognitive maps is disrupted. Study 4 shows that, under normal circumstances, healthy 

adults have a choice of at least two spatial navigation strategies (navigation by means of 

heading vectors, or navigation by means of cognitive mapping), and that they will likely 

choose the optimal strategy for task solution. Study 5 suggests that patients with 

unilateral language nondominant ATL are able to successfully navigate by means of 

heading vectors. The data from these studies are generally consistent with predictions 

derived from cognitive mapping theory (O'Keefe & Nadel, 1978). The data are also 

consistent with other empirical and theoretical work in pointing to the hippocampal 

formation of the language nondominant hemisphere as the neural substrate of a cognitive 

mapping system. 
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INTRODUCTION 

A fundamental task for cognitive neuroscientists and neuropsychologists is to 

describe the neuroanatomical substrates of naturally occurring, ecologically meaningful 

learning and memory. One of the most ecologically meaningful forms of learning and 

memory involves the ways in which animals navigate in their environmental space. 

Remarkable feats of animal navigation, such as the seasonal migration of the North 

American monarch butterfly to its wintering grounds in southern Mexico, have generated 

not only amazement but also deep questions and complex hypotheses about how such 

efficient long-distance travel is accomplished (Brower, 1996). Even the shorter distances 

traveled by rodents (Gallistel, 1990) and honeybees (Zhang, Bartsch, & Srinivasan, 1996) 

while negotiating laboratory mazes raise curiosity about the relationship between 

learning, memory, and the mental representation of space. 

This relationship is perhaps best summarized in this way: Animal navigation has 

its roots in spatial learning and memory. If an animal is to repeatedly visit fixed locations 

in its environment, it must be able to form, store, and retrieve spatial memories. Thus, it 

is not surprising that psychologists with varied research interests have chosen to focus 

their study on spatial learning and memory. Early work in this area played a vital role in 

describing the behavioral abilities and cognitive capacities of nonhuman animals (see, 

e.g., Tinbergen, 1951; Tolman, 1938, 1948; von Frisch, 1967). It is only relatively 

recently, however, that laboratory-based research has begun linking spatial learning and 

memory (and, therefore, animal navigation in natural environments) with specific brain 

structures. For instance, it is now apparent that the mushroom bodies in the insect brain 
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may perform similar functions to the avian and mammalian hippocampus in large- and 

small-scale navigation (for reviews, see Capaldi, Robinson, & Fahrbach, 1999; Dyer, 

1994; Gallistel, 1990; Krebs, 1990; Sherry & Duff, 1996; Shettleworth, 1990). 

For almost half a century, the hippocampal formation' has been a focus of intense 

research efforts. The impetus for those efforts was the introduction into the literature of 

the case of patient H.M., who underwent bilateral temporal lobe surgery to relieve 

intractable epilepsy (Penfield & Milner, 1958; Scoville, 1954). The surgery left H.M. 

with profound global anterograde amnesia. Thus, the field was alerted to the fact that the 

medial temporal lobes, including the hippocampal formation, play a critical role in human 

memory fimction (Scoville & Milner, 1957). 

Further analysis and study of H.M.'s neuropsychological fiinctioning led to the 

conclusion that he was still able to acquire new motor skills, and that his general 

intelligence, perceptual learning abilities and immediate memory span were intact 

(Corkin, 1965, 1968; Milner, Corkin, & Teuber, 1968). Subsequently, a large body of 

research, devoted to understanding the types of memory to which the medial temporal 

lobes contributes, has developed. This body of research formed the empirical basis for 

theories of multiple memory systems (for reviews, see Gabrieli, 1998, Sherry & Schacter, 

1987, and Schacter & Tulving, 1994). 

This paper will not focus on debates surrounding the taxonomy of multiple 

memory systems. Rather, of most concern here are findings that the anterograde amnesia 

experienced by patients with medial temporal lobe damage often includes impairments of 

spatial memory (Corkin, 1984; MacAndrew & Jones, 1993; Mayes, Meudell, & 
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MacDonald, 1991; Pigott & Milner, 1993; Shoqeirat & Mayes, 1991; Smith & Milner, 

1981, 1989; Warrington & Baddeley, 1974). Animal studies suggest that, within the 

medial temporal lobe, the most critical structure for spatial memory is the hippocampal 

formation. One major assumption we make here, then, is that the hippocampal formation 

plays a critical role in the learning of and memory for spatial information. 

A second major assumption we make is that the hippocampal formation provides 

the neural substrate for a cognitive mapping system. Cognitive mapping theory (Nadel, 

1991; O'Keefe, 1991; O'Keefe & Nadel, 1978; O'Keefe & Speakman, 1987) is one of 

the major models of the functional role of the hippocampal formation in animals. This 

theory follows ideas originally presented by Tolman (1932, 1938, 1948), and its 

formulation was largely based on the startling discovery by O'Keefe & Dostrovsky 

(1971; see also O'Keefe, 1976) that hippocampal neurons fire selectively in different 

regions of an environment. Later studies also featuring single cell recording confirmed 

that 'place cells' in the rat hippocampus respond only when the animal is in a specific 

location within an environment, regardless of the direction it is facing (Muller, Kubie, & 

Ranck, 1987; O'Keefe & Conway, 1978). 

O'Keefe & Nadel's (1978) formulation of cognitive mapping theory states that, as 

animals navigate through their environment, they (a) acquire representations of geometric 

relations among external visual landmarks in that enviromnent, (b) use those relations to 

form a cognitive map of that environment, and (c) use that cognitive map to generate 

novel exploration and search strategies within the environment. According to O'Keefe 

and Nadel, cognitive maps are fundamental to an animal's flexible and insightful 
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behavior, and are essential for learning about places (as distinct from objects) in the 

environment. 

Fundamental to cognitive mapping theory, then, is the notion that animals identify 

places in their environment by using an allocentric frame of reference (i.e., by using an 

array of distal stimuli), and not by using an egocentric frame of reference (i.e., not by 

identifying locations given their relative position to the self). A sizable branch of the 

literature has concentrated on this distinction between allocentric and egocentric space, 

and particularly on the search for the distinct neurological substrates of each (for recent 

reviews, see Burgess, Jeffery, & O'Keefe, 1999a; Goodale & Murphy, 2000). 

Of particular relevance within that literature are studies attempting to identify 

place cells in monkeys. Results of these attempts have varied: Some identified place cells 

in the monkey hippocampus (e.g., Ono, Nakamura, Nishijo, & Eifuku, 1993), whereas 

others only found cells that responded to views or to combinations of view and place 

(e.g., Feigenbaum & Rolls, 1991; Rolls & O'Mara, 1995). To further muddy the picture, 

Tamura and colleagues (1992) found that some cells in the monkey hippocampus coded 

in allocentric coordinates but that others coded in egocentric coordinates. Clearly, then, 

where studies of rats have unequivocally established that that the hippocampal formation 

plays a crucial role in allocentric but not egocentric memory, studies of nonhuman 

primates have been unable to make such an open and shut case. 

Nonetheless, studies using nonhuman primates are clear on this fact: The activity 

of hippocampal neurons is related, in some way, to spatial processing. In behavioral 

studies, certain cells in the monkey hippocampus were active in processing spatial 
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information during whole-body movement in both restrained and freely moving animals 

(O'Mara, Rolls, Berthoz, & Kesner, 1994; Rolls, Robertson, & Georges-Fran9ois, 1995). 

In lesion studies, Zola-Morgan and Squire (1985) found that hippocampal damage in 

monkeys led to impairments on spatial delayed response tasks, and Angeli, Murray, and 

Mishkin (1993) found that similar damage led to impairments on a task that required 

memory for multiple locations. 

In humans, neuropsychological studies have documented spatial memory 

impairments in patients with unilateral hippocampal sclerosis and in patients who have 

experienced unilateral temporal lobectomy. These studies have implicated damage to the 

right medial temporal lobes (Nurm, Graydon, Polkey, & Morris, 1999; Pigott & Milner, 

1993; Smith & Milner, 1981, 1989), and, more specifically, to the right hippocampal 

formation and to the right parahippocampus in accounting for these impairments 

(Abrahams, Pickering, Polkey, & Morris, 1997; Abrahams et al., 1999; Bohbot et al., 

1998; Feigenbaum, Polkey, & Morris, 1996; Maguire, Burke, Phillips, & Staunton, 1996; 

Morris, Pickering, Abrahams, & Feigenbaum, 1996). 

Functional neuroimaging data is consistent with results from both animal and 

human behavioral studies in suggesting a role for the right hippocampus in allocentric 

spatial memory and spatial navigation. For instance, an elegant series of positron 

emission (PET) studies conducted by Maguire and colleagues demonstrated activation of 

the right hippocampus in participants who were (a) learning about an urban environment 

from film footage of navigation (Maguire, Frackowiak, & Frith, 1996), (b) recalling 

familiar routes in a large-scale spatial environment (Maguire, Frackowiak, & Frith, 
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1997), or (c) orienting themselves and learning to navigate in a VE (Maguire, Burgess, 

Donnett, & O'Keefe, 1998). Gron, Wunderlich, Spitzer, Tomczak, and Riepe (2000) 

found similar activation in a functional magnetic resonance imaging (fMRI) paradigm. 

All of these studies, then, support a role for the human hippocampus in allocentric 

spatial memory. Few, however, used an appropriate egocentric spatial memory 

comparison task. Only two studies have attempted to directly compare allocentric and 

egocentric spatial memory. First, Goldstein, Canavan, and Polkey (1989) found that 

neither right nor left unilateral temporal lobectomy impaired egocentric spatial memory, 

but that right unilateral temporal lobectomy impaired allocentric spatial memory. Second, 

Holdstock et al. (2000) found that a patient with bilateral selective hippocampal damage 

was more impaired on a spatial task that forced allocentric solution than on a similar task 

that forced egocentric solution. 

Interestingly, some recent studies have indicated that the left hippocampus in 

himians is active during the completion of real-world spatial memory tests (Gron et al., 

2000; Maguire, Burke, et al., 1996; Maguire, Burgess, et al., 1998). The contribution of 

the left hippocampus to spatial memory appears to be distinct from that of the right 

hippocampus, however. Specifically, the function of the left hippocampus appears to 

relate to more general aspects of episodic memory, whereas the function of the right 

hippocampus appears to relate to spatial memory in particular (Burgess, Maguire, Spiers, 

& O'Keefe, 2001; Gron et al., 2000; Maguire, Burgess, et al., 1998). 



The Morris Water Maze 

Much research pubhshed subsequent to O'Keefe and Nadel's (1978) seminal 

work focused on confirming predictions that (a) animals would use a cognitive map to 

flexibly direct their navigation within an environment, and that (b) the hippocampal 

formation is critical to the formation of cognitive maps. The various branches of that 

research, and the various experimental paradigms used to conduct it, led to sometimes-

acrimonious debates about hippocampal function. One of the most recent of these debates 

centers on the relationship between the role of the hippocampal formation in episodic 

memory and its role in spatial memory (Aggleton & Pearce, 2001; Morris, 2001; Redish, 

1999). It is not our purpose here to discuss those debates; instead, our focus is on the fact 

that there is a great deal of evidence suggesting that many different animal species 

navigate within natural and laboratory environments by using cognitive maps (for 

reviews, see Brandeis, Brandys, & Yehuda, 1989, and Galhstel, 1990). 

Much of this evidence has been collected using the Morris water maze task 

(Morris, 1981,1984). In this task, rats are trained to find a submerged platform and to 

thus escape from a pool of opaque water. Typically, the platform is located in a fixed 

position and rats find it efficiently, even when released fi-om novel locations. Morris 

(1981) explained the rats' behavior as a consequence of identifying the position of the 

platform with respect to its geometric relationship to cues distal to the pool (i.e., he 

implied they were using a cognitive map). 

The Morris task was subsequently used to collect lesion-based evidence 

confirming that the hippocampal formation is the neuroanatomical basis for cognitive 



mapping and wayfmding. For instance, Morris, Garrud, Rawlins, & O'Keefe (1982) 

found that rats with hippocampal lesions were impaired on navigational task in the 

Morris water maze, whereas rats with cortical and sham lesions were not (see also 

Jarrard, 1993). Additional evidence for the crucial importance of the hippocampal 

formation for cognitive mapping comes from water maze studies detailing the effects of 

(a) lesions of pathways leading into and away from the rat hippocampus (see, e.g., de 

Bruin, Moita, de Brabander, & Joosten, 2001), and of (b) comparative lesions to areas 

outside the hippocampal formation (see, e.g., Compton, Griffith, McDaniel, Foster, & 

Davis, 1997; Liu & Bilkey, 1998). 

Studies of Patients with Temporal Lobe Epilepsy 

Gabrieli (1998, p. 88) notes that "studies of patients with brain lesions have 

provided the foundation of our knowledge about the biological organization of human 

memory." Unfortunately, it is difficult to draw firm conclusions about structure-function 

relationships when studying patients with naturally occurring lesions. Such lesions often 

impair multiple brain systems either by direct and widespread insult to brain tissue or by 

disconnecting multiple interactive neural networks. Fortunately, however, advances in 

neurosurgery have allowed researchers to study cognitive function in patients with 

surgically placed damage to specific, discrete brain regions. 

One frequently used treatment option for patients who suffer from intractable 

epilepsy involves such surgically placed damage. Thus, over the past decade, in 

particular, memory researchers have profited from the study of such patients. Volumetric 

measurement of the hippocampus has shown that these patients often have neuronal 
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atrophy associated with the location of epileptic focus (Jones-Gotman, 1996). This 

seizure-related atrophy, combined with the measured resection of tissue from the medial 

temporal lobes, has provided researchers with a model system from which to study the 

role of hippocampal and parahippocampal structures in spatial learning and memory and, 

more generally, hemispheric differences in cognitive functioning. 

Most researchers now agree that the two cerebral hemispheres differ in their 

processing capabilities, and are specialized for different aspects of cognitive functioning. 

A debate still rages, however, as to the best way to characterize these differences. The 

camp currently holding empirical sway is that which proposes the material specificity 

hypothesis. This position states that the cerebral hemispheres differ in the type of material 

that they process best: The left hemisphere specializes in processing verbal details of 

material, and the right hemisphere specializes in processes nonverbal (e.g., perceptual 

and spatial) details of material (Milner, 1974). 

Studies of memory performance in patients with unilateral temporal lobe damage 

as a result of either epilepsy-related sclerosis or surgical excision of seizure focus are 

generally consistent with the material specificity hypothesis. Several studies using these 

patients have found that right hemisphere lesions are associated with deficits on spatial 

and figural tasks and spared abilities on verbal tasks, while left hemisphere lesions are 

associated with the opposite pattern (e.g., Abrahams et al., 1997; Baxendale, Thompson, 

& Van Paesschen, 1998; Gleissner, Helmstaedter, & Elger, 1998; Hermann, Wyler, 

Richey, & Rea, 1987; Jones-Gotman, 1996; Jones-Gotman et al., 1997; Morris & 

Abrahams, 1996). 
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An important caveat here is that most of the studies finding spatial memory 

impairments in temporal lobe epilepsy patients used participants who had undergone 

large unilateral medial temporal lobe resections that included parahippocampal gyrus and 

the overlying temporal cortex. It may be that larger resections including these structures 

magnify the impairments in spatial learning and memory. Additionally, it is important to 

note here that comparative clinical studies of patients with unilateral right and unilateral 

left temporal lobe damage more clearly show verbal memory impairment after the latter, 

but less clearly show nonverbal memory impairment after the former (for a recent review, 

see Bell & Davies, 1998). Overall, clinical evaluation has failed to reveal precisely what 

type of nonverbal memory the language nondominant (i.e., usually the right) 

hippocampus codes. Clearly, what is needed are well-controlled studies of patients with 

anatomically well-described surgeries (such as anterior temporal lobectomies) tested on 

theoretically well-grounded tasks. 

Studies of Spatial Navigation in Virtual Environments 

Research into human spatial learning, memory, and navigation can be conducted 

using desktop virtual environment (VE) tasks. Such tasks are becoming increasingly 

available, and their use is becoming more widespread. Using them, one can conduct 

empirical tests of theories about spatial navigation without incurring the methodological 

costs of uncontrolled naturalistic navigation and the financial costs of constructing real-

world analogs of tasks like the Morris water maze (Wilson, 1997). 

Several studies using such technology have been reported (for a recent review, see 

Maguire, Burgess, & O'Keefe, 1999; see also, e.g., Albert, Rensink, & Beusmans, 1999; 
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Arthur, Hancock, & Chrysler, 1997; Gillner & Mallot, 1998; Jacobs, Laurance, & 

Thomas, 1997; Jacobs, Thomas, Laurance, & Nadel, 1998; Loomis, Blascovich, & Beall, 

1999; May, Peruch, & Savoyant, 1995; Ruddle, Payne, & Jones, 1997; Tlauka & Wilson, 

1996; Waller, Loomis, Golledge, & Beall, 2002). Some of those studies have found that 

(a) humans can make accurate judgments about metrics in real space after learning in a 

virtual enviroimient (Peruch, Verucher, & Gauthier, 1995), (b) there is good transfer of 

spatial information from virtual to real environments (Bliss, Tidwell, & Guest, 1997; 

Foreman et al., 2000; McComas, Pivik, & Laflamme, 1998; Richardson, Montello, & 

Hegarty, 1999; Wilson, Foreman, & Tlauka, 1997), (c) VE and virtual reality (VR) 

technology show promise in aiding neurological and neuropsychological rehabilitation 

(Brooks et al., 1999; Rose, Attree, & Johnson, 1996), and (d) such technology can help 

answer questions about sex- and age-related differences in spatial abilities (Astur, Ortiz, 

& Sutherland, 1998; Laurance et al., 2002; Sandstrom, Kaufman, & Huettel, 1998; 

Thomas, Laurance, Luczak, & Jacobs, 1999). In sum, the advent of VE spatial navigation 

tasks has provided great impetus for studies of spatial behavior and cognition in humans. 

The Computer-Generated Arena 

The series of studies reported here all use the Computer-Generated (CG) Arena, a 

non-immersive desktop VE navigation task introduced by Jacobs et al. (1997, 1998). 

Jacobs and colleagues developed the CG Arena as a convenient, accurate, and efficient 

means of assessing human cognitive mapping and spatial cognition. 

The CG Arena is an analog of the widely used animal task, the Morris water maze 

(Morris, 1981, 1984). These are the fundamental features of the CG Arena: A 
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conventional computer monitor displays a first-person perspective of a circular arena 

contained within a large square room. Each wall of the room displays a unique set of 

pictures that serve as distal cues. The task of the participant is to manipulate the display, 

using a joystick, in order to search for and move onto a target located on the arena floor. 

In some conditions, the target is visible, thus offering a clear proximate landmark to 

guide the search. In other conditions, the target is invisible; in this case, the VE offers 

only distal cues and relations among them to guide the search. 

When humans display efficient navigation (viz., by taking an accurate and direct 

path to an invisible target), this is evidence they have learned the location of the target. 

Several measures are used to estimate the efficiency of their learning, including (a) 

latency to find the target on each trial, (b) length of the search path, and (c) distribution of 

search time in each of the four quadrants of the arena on a "probe trial," during which the 

target is absent fi"om the arena. 

The first CG Arena study (Jacobs et al., 1997) showed that, in humans, (a) place 

learning can occur on the basis of computer-generated distal cues alone, (b) place 

learning based on such distal cues does not disengage when computer-generated proximal 

cues are present, and (c) place learning generalizes from familiar to novel start locations. 

Then, Jacobs et al. (1998) used the task to show that, in humans, (d) place learning does 

not rely on any single set of distal cues, and (e) place learning is disrupted by changes in 

topographical relations among distal cues. Most importantly for the cognitive mapping 

theory of O'Keefe & Nadel (1978), the earliest CG Arena studies have demonstrated that 

people use the sight of a visible target to locate it in the VE, but that they use relations 
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among distal stimuli to locate, relocate, and move toward a hidden target in the VE 

(Jacobs et al., 1997,1998; Nadel et al., 1998). 

Following the success of those fundamental replication and parametric studies, 

the CG Arena has been used in a variety of settings. For instance, it has been successfully 

used in cross-sectional aging studies (Laurance et al., 2002; Thomas et al., 1999). Data 

from the latter studies directly replicate findings from nonhuman animal studies of age-

related changes in spatial cognition (e.g.. Gage, Duimett, & Bjorklund, 1984, 1989; 

Gallagher, Burwell, & Burchinal, 1993). Those data also raise interesting questions 

regarding the quality of the cognitive map in older adults, and the speed, relative to 

younger adults, with which older adults form such maps. 

Additionally, Thomas, Hsu, Laurance, Nadel, & Jacobs (2001) demonstrated the 

utility of different training procedures in the CG Arena, and outlined possible 

applications in neuroimaging protocols (see also Baker, Hsu, Ryan, Nadel, & Jacobs, 

1998; Skelton, Hsu, et al., 2000). Finally, Laurance et al. (2002) demonstrated a good 

correspondence between measures of wayfinding in the CG Arena and comparable 

wayfmding in real space. 

In sum, the CG Arena appears to have good reliability and good construct and 

external validity. The data obtained from the paradigm closely resemble those found 

when rats are tested in the Morris water maze (Morris, 1981; Fenton, Arofo, Nerad, & 

Bures, 1994; Keith & McVety, 1988; Sutherland & Linggard, 1982) and in dry-land 

mazes (Suzuki, Augerinos, & Black, 1980). The data are also consistent with 

experimental observations of animals in real-world space (see, e.g., Bednekoff & Balda, 



1996; Darby & Riopelle, 1959; Heyes, Jaldow, & Dawson, 1994; Zentall, Sutton, & 

Sherburne, 1996). Finally, CG Arena data also may be interpreted within the framework 

of predictions made by cognitive mapping theory (O'Keefe & Nadel, 1978). 

Previous Relevant CG Arena Studies 

Skelton, Bukach, Laurance, Thomas, and Jacobs (2000) used the CG Arena to 

examine cognitive mapping in 12 individuals with moderate to severe traumatic brain 

injury (TBI). These injuries involved shearing damage to the medial and anterior 

temporal lobes. Relative to healthy controls, 8 of 12 TBI patients had great difficulty 

consistently locating and navigating toward a hidden target in the arena. All 12 patients, 

however, had no difficulty locating, and then navigating toward, a visible target. 

Unfortunately, the authors provided no evidence that damage in the TBI patients was 

restricted to temporal lobe structures. 

Thomas et al. (2001) extended this work to two individuals who had experienced 

right temporal lobectomy to relieve intractable epilepsy. Neither of these individuals had 

difficulty locating and navigating toward a visible target, but both had substantial 

difficulty consistently and efficiently relocating an invisible target. Unfortunately, data 

from standard neuropsychological tests of right hemisphere function were not available 

for these two patients, and their performance was not compared with that of patients with 

lesions to other brain regions. 

Bauer, Frakey, Leritz, and Thomas (2001) attempted to address the latter 

shortcoming. They gathered pilot data comparing CG Arena performance of patients with 

unilateral right hippocampal lesions to those with unilateral left hippocampal lesions. 
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Preliminary results suggested that (a) patients with unilateral language nondominant 

hippocampal lesions found a hidden target less frequently than did patients with unilateral 

language dominant hippocampal lesions, and (b) both patient groups efficiently located 

and navigated toward a visible target. 

The latter was merely a pilot study, however, and as such naturally has numerous 

limitations in terms of its abihty to provide firm answers to structure-function questions 

involving spatial navigation, cognitive mapping, and the human hippocampal formation. 

For instance, it is unclear whether the study protocol was equivalent to that of established 

protocols used in earlier CG Arena studies. Additionally, Bauer et al. (2001) did not 

report using supplemental measures of cognitive mapping developed in tandem with the 

CG Arena. 

In light of the literature reviewed earlier in this Introduction, and given that the 

data reviewed in this section are consistent with data gathered from other groups (e.g., 

Abrahams et al., 1997; Bohbot et al., 1998), we feel confident using CG Arena tasks to 

address the role of the human hippocampal formation in successful completion of spatial 

navigation and cognitive mapping tasks. 
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GENERAL METHOD 

Participants 

The results from an analysis of five sets of data are described here. The 

characteristics of participants who provided those sets of data are described below. 

Healthy Adult Groups 

The 24 participants in Study 1 and the 40 participants in Study 4 were University 

of Arizona students recruited from undergraduate psychology courses. They received 

extra credit in exchange for participation. The 7 participants in the control group for 

Study 2 and for Study 3 were University of Florida students recruited from undergraduate 

psychology courses. They also received extra credit in exchange for participation. The 

individuals in the groups described above had no history of neurological insult or of 

neuropsychological deficits. 

Patient Groups 

The 22 participants in the patient groups in Study 2, Study 3, and Study 5 were 

recruited from the patient population of the University of Florida Health Science Center's 

Comprehensive Epilepsy Program (UFCEP; for a complete description of this program, 

see Appendix A). Each of these participants had a history of medically intractable partial 

complex epilepsy of unilateral temporal lobe origin, and each had undergone surgery to 

relieve that condition. 

The major inclusion criteria for participants in the patient groups were these: 
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1. The participant was identified by the CEP staff (which includes neurologists, 

neurosurgeons, neuroradiologists, and neuropsychologists) as a surgical 

candidate for either left or right anterior temporal lobectomy (ATL). 

2. The participant had clearly lateralized speech/language dominance, as 

determined by an intraarterial amobarbital procedure (lAP, or Wada test; 

Loring, Meador, Lee, & King, 1992; Wada & Rasmussen, 1960). 

3. The participant underwent unilateral ATL at least 4 months before testing, and 

was seizure free for at least 3 months before testing. 

4. The participant underwent only unilateral ATL, and had no other identified 

brain lesion (e.g., vascular abnormality, traumatic contusion, or neoplasm). 

5. The participant had a Wechsler Adult Intelligence Scale (WAIS; Wechsler, 

1997) Full Scale IQ score of greater than or equal to 70. 

6. The participant did not have a documented history of psychopathology (as 

defined by diagnostic criteria described in the Diagnostic and Statistical 

Manual of Mental Disorders - Fourth Edition (DSM-IV; American 

Psychiatric Association, 1994)), or a history of pathogenetically significant 

substance abuse. 

To reduce possible selection biases within the patient groups, extensive efforts 

were made to solicit the participation of all eligible patients. All individuals who met the 

selection criteria described above were offered the opportunity to participate. 
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Sex Differences 

Some studies have raised the issue of sex differences in spatial cognition (Astur et 

al., 1998; Sandstrom et al., 1998). To this point, however, both published (e.g., Thomas et 

al., 1999) and unpublished data from our laboratory have failed to find such sex 

differences. Nonetheless, in the current studies we made every effort to construct groups 

that included equal numbers of males and females. This effort was made easier because, 

as noted in Appendix A, the UFCEP patient population contains relatively equal numbers 

of males and females. 

Inclusion of Children as Participants 

Individuals under the age of 18 years are represented in the UFCEP patient 

population, but were not actively recruited. The major reason for taking this position is 

that the focus of this investigation is on understanding aspects of the neuropsychology of 

adult spatial navigation. Data from developmental studies using similar experimental 

paradigms to those used here suggest that spatial navigation in children is qualitatively 

different from that in adults, and so deserves separate and special attention (Laurance, 

Learmonth, Jacobs, & Nadel, 2001; Overman, Pate, Moore, & Peuster, 1996). 

Discarded Data 

The data from two potential participants in Study 1 and from six potential 

participants in Study 4 were discarded due to a failure of the experimenter to properly 

administer the procedure. We have no reason to believe these losses biased the final 

analysis. 
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Apparatus: The CG Arena 

A personal computer (PC; either desktop or notebook) and custom-designed 

software generated a display on a PC monitor. The monitor displayed a multicolored 

view of a circular arena contained within one of two square rooms, a waiting room and an 

experimental room, from a first-person perspective. The monitor did not display a 

representation of the participant. 

Several characteristics within each of the CG Arena rooms were set by user-

defined variables. Those variables, and their settings for all of the studies described 

below, are outlined in Table 1. 

The CG Waiting Room 

The waiting room consisted of a computer-generated display of a large square 

room housing an arena. The four walls of the room were colored blue, green, pink, and 

yellow, respectively, and they all lacked texture. The ceiling of the room was colored 

light gray and the floor was a textured dark gray. A circular marble-textured wall (the 

"arena wall") enclosed the central portion of the waiting room, thus defining the arena. 

There were no objects in the room. 

When the PC monitor displayed a view as if the participant was standing against 

and facing the arena wall, that wall filled the screen. When the monitor displayed a view 

as if the participant was against the arena wall but turned away from it, a large portion of 

the arena, the surrounding room, and part of the ceiling was displayed. 

Exposure to the waiting room distinguished experimental trials from each other, 

and, if needed, permitted the participant to practice moving in the VE. 
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Table 1. CG Arena Room and Motion Parameters in the Current Studies 

Room Parameters 

Dimensions 

Arena wall radius 

Arena wall height 

Participant eye height* 

Motion Parameters^ 

Move quantum 

Movement rate 

Turn quantum 

Turn rate 

200 X 200 X 45 

50 

3.5 

3.0 

0.5 units 

20-30 units/s 

1.5 degrees 

30-40 deg/s 

Note. Unless otherwise indicated, all measurements are in CG Arena units. If we, for the 
sake of convenience, take the length of a stride (10 units) to be the equivalent of 1 m, 
then in the experiments the room dimensions were 20 x 20 x 4.5 m, the arena wall was 
0.35 m high and had a radius of 5 m, and participants moved at 2-3 m/s. 

*The PC monitor displays all views of the arena from a first-person perspective and as if 
the eyes of the participant are a certain user-defined distance (an "eye height") from the 
floor of the CG Arena rooms. 

^The move quantum approximates the shift in the participant's view of the CG Arena 
with each forward or backward movement of the joystick. The movement rate 
approximates the speed with which participant's view of the CG Arena shifted when 
holding the joystick in either a forward or backward position. Similarly, the turn quantum 
approximates the shift in the participant's view of the CG Arena with each right or left 
movement of the joystick, and the turn rate approximates the speed with which the 
participant's view of the CG Arena shifted when holding the joystick in either a left or 
right position. 
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The CG Experimental Room 

The experimental room consisted of a computer-generated display of a large 

square room housing an arena. The ceiling was colored a plain white and the floor was a 

textured dark gray. The walls of the room were arbitrarily designated North, East, South, 

and West. In most of the studies described below, the North wall was colored plain light 

gray and displayed three photographs (a sleeping cat, a door, and a flowering cactus) 

equidistant from one another; the East wall was colored plain light gray, was covered 

with black stripes, and displayed, at its center, a photograph of an inactive volcano; the 

South wall was colored plain light gray and displayed three photographs (a flower, a 

sunset, and a stone idol) equidistant from one another; and the West wall was textured 

with small boxes and displayed, at its center, a photograph of a group of hoo-doos."^ The 

ceiling, floor, and arena wall of the experimental room, and the manner in which the PC 

monitor displayed various views within the arena, were identical to those of the waiting 

room.^ 

Quadrants of the CG Experimental Room 

For data analysis purposes, the arena in the CG experimental room was divided 

into four quadrants. Moving clockwise, the first was named Northwest (NW; because it is 

located in the comer formed by the junction of the North and West walls), the second 

Northeast (NE), the third Southeast (SE), and the fourth Southwest (SW). Divisions 

between quadrants were not visible to participants. Figure 1 provides an illustration of the 

four quadrants and of the objects on each wall of the CG experimental room. 
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North Wall East Wall 

West Wan South Wall 

Figure 1. The CG Experimental Room 

The upper left panel illustrates participants' view of the North wall, as seen from the 
South end of the room. The spherical red landmark used in Study 4 and Study 5 is visible 
toward the right side of this panel. The upper right panel illustrates the participants' view 
of the East wall, as seen from the West end of the room. The lower right panel illustrates 
the participants' view of the South wall, as seen from the North end of the room. Finally, 
the lower left panel illustrates the participants' view of the West wall, as seen from the 
East end of the room. 



34 

Target in the CG Experimental Room 

In Study 3, Study 4, and Study 5, a square target was almost always located on the 

floor of the experimental room. Under some experimental conditions, the target was a 

part of the display and was colored plain blue. Under other experimental conditions, the 

target was initially hidden from participants (i.e., its color was initially identical to that of 

the surrounding arena floor). When the participant moved across the place occupied by 

the invisible target, that target became visible (i.e., a plain blue square appeared on the 

arena floor). When the participant moved onto the target, he or she could only move 

within the boundaries of the target. A brief computer-generated tone (a click) repeatedly 

sounded while the participant stood on the target. Standing on the target did not change 

the eye height of the participant. The participant remained on the target for a short time 

before the display automatically changed to that of the waiting room. 

Landmark in the CG Experimental Room 

In Study 4 and Study 5 a solid red spherical landmark was almost always located 

on the floor of the experimental room. Only the top half of the sphere was visible to the 

participants. Participants could move up to and around the sphere, but could not move 

through it or stand on it. 

Movement in the CG Arena 

Participants used a joystick to move in the CG Arena. Moving the joystick 

directly forward or backward moved the participant's view of the arena forward or 

backward at a constant rate until a new movement was initiated, or until the joystick was 

returned to its rest position. Moving the joystick left or right turned the participant's view 
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of the arena either left or right, respectively, as the participant remained in place. Such 

movement continued at a constant rate until a new movement was initiated or until the 

joystick was returned to its rest position. 

For the first several trials in the CG Arena, the display was automatically changed 

fi-om that of the CG waiting room to that of the CG experimental room after participants 

had spent 30 seconds viewing the former. Thereafter, participants viewing the waiting 

room could change the display themselves by striking the space bar on the PC keyboard. 

As noted above, participants viewing the experimental room had no control over when 

the display reverted to that of the waiting room. 

Other Apparatus 

Described below are two tasks that were developed as companions to the CG 

Arena. Previous studies suggest that these tasks provide good visual and spatial memory 

supplements to CG Arena testing (Skelton et al., 2000; Thomas et al., 2001). 

The Object Recognition Task (ORT) 

This is a yes-no picture recognition task that assesses memory for objects on the 

walls of the CG experimental room. There is no clear spatial component to this task. The 

ORT is initiated when the experimenter shows the participant a laminated sheet of 8.5" x 

11" paper on which 16 numbered objects are presented in a four-by-four array. Eight of 

the objects are those that are on the walls of the CG experimental room; the other eight 

are distractor objects that bear a varying degree of similarity to those in the CG 

experimental room. 
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Participants are then presented with an answer sheet on which they are asked to 

circle, for each numbered object, 'yes' if the object was in the CG experimental room, 

and 'no' if it was not. Participants are also asked to rate, on a 7-point scale, the level of 

confidence they have in each of their 16 yes-no decisions. 

Appendix B shows the ORT stimulus material (Figure 12) and answer sheet. 

The Arena Reconstitution Task (ART) 

This is a visuoconstructional task that assesses recall memory for the spatial arrangement 

of walls and objects in the CG experimental room. The task is initiated when the 

experimenter shows the participant a sheet of 8.5" x 11" paper on which four equal-sized 

rectangles are drawn around a circle. A blank square is drawn within each quadrant of the 

circle. Appendix C (Figure 13) shows an example of this sheet. 

Typically, participants are then presented with four rectangular pieces of 

laminated cardboard, each representing one of the four walls of the room. They are asked 

to move those pieces into the appropriate rectangular spaces. They are then presented 

with several smaller pieces of laminated cardboard, each bearing a representation of one 

of the objects on the walls of the CG experimental room. They are asked to place those 

smaller pieces onto the cardboard "walls" in the same way that the objects were arranged 

in the CG experimental room. Finally, the experimenter asks the participant to point to 

the blank square on the piece of paper that best represents the position of the invisible 

target in the CG experimental room.® 

The ART thus measures the quality of a cognitive map of the CG experimental 

room. Previous studies have demonstrated that the ART provides data congruent with 
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those gathered from the computer task, and have thus estabhshed convergent vaUdity in 

the assessment of spatial learning and memory in humans (Skelton et al., 2000; Thomas 

et al., 2001). 

General Procedure 

Each of the studies in the current series follow the general procedure outlined in 

this section. Variations across study occur, of course, during the testing phase (i.e., during 

the actual administration of the different experimental procedures). 

Informed Consent and Instructions 

Some participants were tested in psychology laboratories at the University of 

Arizona and the University of Florida, and the rest (including most of the patients) were 

tested in their homes. After the experimenter and the participant met, the participant read 

and signed a consent form. The participant was then read a set of standardized 

instructions. (Visit http://w3.arizona.edu/~arg/papers/place3.html to view an example of 

such instructions.) 

These instructions are designed to prepare the participant for the VE display they 

will see, and perhaps more importantly, to explain to them: (a) the relationships between 

movements of the joystick and changes of display in the CG Arena (e.g., "pushing the 

joystick left or right will turn you in the corresponding direction, but will not move you 

sideways"), and (b) how and when they can change the display from the CG waiting 

room to the CG experimental room (e.g., "after the first two trials, you will be able to 

transport yourself from the waiting room to the experimental room by pressing the space 

bar on the keyboard"). Participants in different experimental groups received additional 
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instructions appropriate to the experimental procedures with which they were presented. 

Finally, the experimenter offered to answer additional questions about the instructions or 

about the experimental procedures. 

Testing Phase 

After signing the consent form and receiving task instructions, participants were 

administered CG Arena tests, ORTs, and ARTs appropriate to the study in which they 

were involved. Details of the different test procedures used in different studies are 

documented below. 

Questionnaire Phase 

Immediately following the testing phase, participants were administered several 

questionnaires. One gathered demographic information (e.g., age, years of education, 

etc.), a second asked them to describe their search strategies in the CG experimental 

room, and a third (the Functional Spatial Abilities Questionnaire; Liu, Gauthier, & 

Gauthier, 1996) asked them to rate their spatial abilities in a variety of everyday settings 

and on a variety of everyday tasks. 

After completing the questionnaire phase, participants were debriefed and the 

study concluded. 

Data Collection and Analyses 

CG Arena software generates two separate data files for each participant. The first 

file contains information about several different aspects of the participant's performance 

on each trial, including (a) path length—the distance traveled from the steirt point to the 

target, (b) latencv—the time required to find the target, (c) target crossings—the number 
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of times the participant moved across the space occupied by the target, (d) dwell time— 

the time spent in each of the arena quadrants, and (e) heading direction—the direction in 

which the participant was headed at specific intervals during the trial. The second file 

contains a pixel-by-pixel recording of the participant's experience in the CG Arena. From 

this data file, one can generate a top-down image of the search path taken in the Arena on 

each trial.^ 

In the current studies, path length, latency, and dwell time were used as the 

primary dependent variables. The Type I error rate (a) was set at 0.05 for all statistical 

decisions. 
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STUDY 1 

Healthy Adults Accurately Form a Cognitive Map Of Computer-Generated Space 

When Viewing a Demonstration of Movement Through that Space 

This study was conducted with the aim of answering two questions: First, do 

healthy adults accurately form a cognitive map of a computer-generated space simply by 

viewing a demonstration of movement through that space? Second, how many such 

demonstrations are required for them to develop this map? 

These questions were indirectly addressed by Thomas and colleagues (2001), who 

described an observational learning paradigm. They showed that, after healthy adult 

participants passively observed four demonstrations of movement through the CG 

experimental room toward a hidden target, those individuals (a) scored over 90% on 

various scores derived from the ART, and (b) effectively learned the location of the 

hidden target. These results indicate that observational learning trials are highly effective 

in teaching healthy adult participants about the spatial layout of the CG experimental 

room. The results also suggest that healthy adults effectively use observational learning 

trials to construct a cognitive map. 

The current study more directly addresses the two questions at hand because, first, 

the design includes assessment of cognitive map formation after each observational 

learning trial (rather than after the completion of a set of several such trials), and, second, 

the current observational learning trials do not focus on learning the location of an 

invisible target (instead, they simply focus on moving within and visually scanning the 

CG experimental room). 
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In the light of the data presented by Thomas et al. (2001), and also given 

unpublished CG Arena data collected in our laboratory (e.g., Lopez, 2002), we test this 

prediction; After three observational learning trials in the CG experimental room, healthy 

adults will recognize all of the objects in the room, and will accurately reconstruct the 

spatial arrangement of walls and objects in that room. 

Method 

Participants 

Twenty-four University of Arizona undergraduate students (7 females and 17 

males), between 18 and 23 years of age (M = 19.11) served as participants. All 

participants were tested in a psychology laboratory at the University of Arizona. 

Procedure 

The current version of CG Arena software includes a "playback" feature, which 

allows one to replay previous searches through the CG experimental room. In the present 

study, we used this feature to present participants with a series of standardized 

observational learning trials. Each of these trials involved the participant watching the PC 

monitor display an experimenter's search through first the CG waiting room and then the 

CG experimental room. In the CG experimental room, the experimenter's searches 

ensured that each object and each wall was visible at least once during the search. Each 

participant received an identical set of three observational learning trials. Critical 

parameters for these trials are shown in Table 2. 
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Table 2. CG Arena Trial Parameters in Study 1 and Study 2 

Observational Learning Trials 

Parameter 

Number of trials 3 

Sequence of start locations* E, E, E 

Target condition Absent 

Time limit 30 s 

Participants began each observational trial at the "E" (east) starting location. This 
location was near the middle of the East wall of the arena, faced the interior of the arena, 
and was within 2 units of the closest part of the arena wall. 
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After each observational learning trial, participants were asked to complete first the ORT 

and then the ART. Thus, in sum, the participants were administered three learning trials, 

three ORTs, and three ARTs.^ 

Results 

ORT 

As noted in the General Method section, participants were required to make a yes-

no recognition decision about each of 16 pictured objects, 8 of which had been presented 

in the CG experimental room and 8 of which had not. Thus, the maximum number of hits 

(i.e., correctly answering 'yes' when the object had been presented earlier) was 8; 

similarly, the maximum number of correct rejections was 8. 

Figure 2 presents the mean number of hits and incorrect responses (misses and 

false positives) on the three administrations of the ORT. Inspection of the data presented 

in this figure indicates that participants recognized a majority of the objects in the CG 

experimental room after the first observational learning trial. After the second trial, their 

correct recognition of the appropriate objects increased, with a corresponding decrease in 

misses and false positive responses. Their correct recognition of the objects showed an 

incremental increase after the third observational learning trial, with most participants 

now showing perfect performance. 

Statistical analyses of ORT data confirm these impressions. A repeated measures 

ANOVA conducted on the participants' discrimination scores (i.e., hits minus false 

positives for each administration of the ORT) detected a significant difference across 

ORT administrations, F(2, 46) = 32.43. An orthogonal post hoc contrast conducted on 
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Figure 2. ORT Performance in Study 1 

Mean number of ORT hits, misses, and false positives achieved by the participants 
Study 1 after each of the first, second, and third observational learning trials. 
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these data detected a significant difference between the mean discrimination score on the 

first ORT administration and that on the second ORT administration, F(l, 23) = 33.51. A 

similar contrast comparing discrimination scores on the second ORT administration 

versus the third found no statistically significant difference. 

ART 

Appendix C shows the scoring sheet that was used for the ART. As can be seen, 

participants scored points for placing the walls in the correct configuration, for placing 

each item on the appropriate wall, and for placing items in the correct sequence on the 

appropriate wall. The maximiun possible score was 20. 

Figure 3 presents the participants' mean score (as a percentage) on the ART after 

each of the first, second, and third observational learning trials. Inspection of the data 

presented in the figure indicates that participants provided only a rudimentary 

reconstruction of the CG experimental room after the first observational learning trial. 

After the second learning trial, however, they more appropriately arranged the walls and 

the objects. Performance improved even more after the third learning trial. 

Statistical analyses of the ART data confirm these initial impressions. A repeated 

measures ANOVA conducted on the participants' scores detected a significant difference 

across ART administrations, F(2, 46) = 42.70. Orthogonal post hoc contrasts conducted 

on these data detected a significant difference between (a) the mean score on the first 

ART administration and that on the second ART administration, F(l, 23) = 36.32, and (b) 

the mean score on the second ART administration and that on the third ART 

administration, F(l, 23) = 14.01. 
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90 

First ART Second ART Third ART 

Figure 3. ART Performance in Study 1 

Mean ART scores (as percentages) achieved by the participants in Study 1 after each of 
the first, second, and third observational learning trials. 
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Discussion 

Examinations of individual data revealed that the group means presented in 

Figures 2 and 3, and the data analyses presented above, fairly represent individual 

performance. Taken together, the results described above indicate that, after the first 

observational learning trial, participants recognize the majority of the objects in the CG 

experimental room, but have learned less about the spatial arrangement of those objects. 

They then gain a substantial amount of information about the objects and about their 

spatial arrangement during the second learning trial. Their learning curve seems to flatten 

out after that, however, as performance begins to reach ceiling levels. The latter is 

especially evident for performance on the ORT; on that task, almost every participant 

achieved a perfect score after the third learning trial.^ 

In sum, the current data are consistent with those from previous CG Arena studies 

(e.g., Thomas et al., 2001), and they provide support for the prediction being tested. That 

is, they confirm that, after three observational learning trials in the CG experimental 

room, healthy adults (a) recognize all of the objects in the room, and (b) accurately 

reconstruct the spatial arrangement of walls and objects in that room. Thus, the data 

provide clear answers to each of the two questions this study set out to address. 

The current data also provide support for the cognitive mapping interpretations 

given to data from previous CG Arena studies (e.g., Jacobs et al., 1997, 1998). In those 

studies, participants were asked to repeatedly move toward a hidden target (always 

located in the same place) in the CG experimental room. When participants successfully 

completed the task, we assumed they were using a cognitive map to efficiently navigate 



the computer-generated space, but we had no direct measure of their creation of that map. 

We now have that measure, and can now say, with some confidence, that healthy adults 

use a cognitive mapping strategy when navigating computer-generated space. 



STUDY 2 

Adults with Right ATL Do Not Accurately 

Form a Cognitive Map of Computer-Generated Space 

This purpose of this study was to answer this question: Given the same number of 

exposures to the CG experimental room as were given to the healthy adult participants in 

Study 1, do unilateral ATL patients form as accurate a cognitive map of that computer-

generated space? 

In the light of conclusions drawn from the literature reviewed in the Introduction, 

and given the data obtained in Study 1, we test this set of predictions: After three 

observational learning trials in the CG experimental room, (a) a control group of healthy 

adults will recognize all of the objects in the room, and will accurately reconstruct the 

spatial arrangement of the walls and the objects in that room, (b) patients with unilateral 

language dominant ATL will perform similarly to participants in the control group, and 

(c) patients with unilateral language nondominant ATL will not recognize all of the 

objects in the room, and will not accurately reconstruct the spatial arrangement of the 

walls and the objects in that room. 

Method 

Participants 

Seven University of Florida undergraduate students (5 females and 2 males), 

between 18 and 20 years of age (M = 18.86; SD = 0.90) served as participants in the 

control group. They had an average of 13.00 years of education (SD = 0.58). They were 

tested in a psychology laboratory at the University of Florida. 
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Fifteen participants were recruited from the post-surgery patient population of the 

University of Florida Comprehensive Epilepsy Program (UFCEP). Each of these 

participants was assigned to one of two groups based on surgery location. Thus, eight of 

the patients (4 males and 4 females) were assigned to Group RATL because they had 

undergone unilateral temporal lobectomy of the language nondominant (right) 

hemisphere. The other seven patients (3 males and 4 females) were assigned to Group 

LATL because they had undergone unilateral temporal lobectomy of the language 

dominant (left) hemisphere.^® 

The participants in Group RATL were between 26 and 55 years of age (M = 

39.75; SD = 10.28), whereas those in Group LATL were between 21 and 46 years of age 

(M = 36.71; SD = 9.72). The participants in Group RATL had an average of 13.38 years 

of education (SD = 1.51), whereas those in Group LATL had an average of 14.86 years 

of education (SD = 3.18). Eleven of the 15 patients were tested in their homes; the rest 

were tested in a psychology laboratory at the University of Florida. 

Procedure 

The procedure used here was identical to that used in Study 1. 

Results 

A one-way ANOVA revealed that mean number of years of education did not 

differ among the three groups, F(2, 19) = 1.65. An independent samples t-test revealed no 

significant difference between the mean age of participants in the patient groups, t(13) = 

0.59. 
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ORT 

ORT data from two participants in the control group (two females, aged 18 and 20 

years old) were discarded due to a failure of the experimenter to properly administer the 

procedure. 

The first prediction being tested here is that participants in Group RATL will 

perform more poorly on the ORT than will participants in the control group and in Group 

LATL. The dependent variable we will use to reflect ORT performance is discrimination 

score (i.e., hits minus false positives for each participant on each ORT administered). 

Figure 4 presents the mean discrimination score for each of the three groups on 

each of the three ORT administrations. Visual inspection of the data presented in the 

figure indicates differences in group performance at each ORT administration. The data 

also indicate that, within each group, the participants showed a similar learning curve to 

that shown by the participants in Study 1 (i.e., with each successive ORT, they 

discriminated more successfully between those objects that were in the CG experimental 

room and those that were not). 

The first stage of primary data analysis was a repeated measures ANOVA 

conducted on the complete set of discrimination scores. This ANOVA detected a 

significant effect of group, F(2, 17) = 3.76, a significant effect of administration, F(2, 34) 

= 23.02, but no significant group x administration interaction, F(4, 34) = 0.86. Post hoc 

comparisons were conducted to identify the source of the main effect of administration. 

An orthogonal contrast found, across groups, a significant difference between the mean 

ORT discrimination score on the first administration and that on the second 
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Figure 4. ORT Performance in Study 2 

Mean ORT discrimination score (hits minus false positives) achieved by the participants 
in each of the three groups in Study 2 after each of the first, second, and third 
observational learning trials. 



administration, F(l, 17) = 31.05. A similar contrast found no significant differences 

between mean discrimination scores on the second and third ORT administrations. 

The second stage of primary data analysis featured a series of a priori contrasts 

constructed to clearly focus on the primary question of interest and on the predictions we 

set out to test. The specific contrasts, etnd their results, are shown in the top half of Table 

3. This set of results implies that the ORT performance of participants in the control 

group and Group LATL were reasonably equivalent, and that the performance of 

participants in Group RATL was comparatively poorer. 

Several secondary data analyses were conducted. The most relevant of these 

focused on the main effect of administration, with the goal of answering these questions: 

Did the participants in each of the three groups show a learning curve on the ORT similar 

to that shown by the participants in Study 1? Therefore, separate within groups repeated 

measures ANOVAs were conducted on the discrimination data from each group. These 

analyses detected significant differences in performance across ORT administrations 

within the control group, F(2, 8) = 14.61, as well as within Group LATL, F(2, 12) = 7.01, 

and within Group RATL, F(2, 14) = 8.47. Furthermore, orthogonal post hoc contrasts 

conducted on these data detected the same pattern within each group: a significant 

difference between the mean discrimination score on the first ORT administration and 

that on the second ORT administration (for the control group, F(l, 4) = 12.52, for Group 

LATL, F(l, 6) = 12.77, and for Group RATL, F(l, 7) = 6.48). Similar within-group 

contrasts comparing discrimination scores on the second ORT administration versus the 

third found no statistically significant differences. 
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Table 3. A Priori Contrasts Testing the Major Predictions of Study 2 

Variable 

ORT discrimination score 

ART total score 

Contrast 

C vs. LATL 

(C + LATL)/2 vs. RATL 

C vs. LATL 

(C + LATL)/2 vs. RATL 

^ t 

17 1.80 

17 2.25* 

19 0.74 

19 2.82* 

Note. C = control group; LATL = Group LATL; RATL = Group RATL. 

*P < .05 
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ART 

As shown in Appendix C, the ART scoring sheet used in this study differed 

shghtly from that used in Study 1. The only difference was the addition of a few ways in 

which participants could score points (e.g., by placing only two of three items in the 

correct sequence on a wall). The maximum possible score this time around was 28. 

The second prediction being tested in this study is that participants in Group 

RATL will perform more poorly on the ART than will participants in the control group 

and in Group LATL. The dependent variable we will use this time is total ART score. 

Figure 5 presents the average ART score for the participants in each of the three 

groups after each of the first, second, and third observational learning trials. Visual 

inspection of the data presented in the figure indicates that, within each group, 

participants showed learning curves similar to that shown by the participants in Study 1 

(i.e., with each successive ART, they provided a more accurate reconstruction of the CG 

experimental room). It appears, however, that the participants in the control group and in 

Group LATL consistently performed better than did the participants in Group RATL. 

A multistage analysis of ART data, similar to that conducted with the ORT data 

above, attempted to determine the veracity of these initial impressions and to test this 

study's set of a priori predictions. The first stage of the primary analysis, then, was a 

repeated measures ANOVA conducted on the complete set of ART scores. This ANOVA 

detected a significant effect of group, F(2, 19) = 4.34, a significant effect of 
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Figure 5. ART Performance in Study 2 

Mean ART scores (as percentages) achieved by the participants in each of the three 
groups in Study 2 after each of the first, second, and third observational learning trials. 
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administration, F(2, 38) = 23.23, but no significant group x administration interaction, 

F(4, 38) = 0.31. Again, post hoc comparisons were conducted to identify the source of the 

main effect of administration. Orthogonal post hoc contrasts found, across groups, 

significant differences between (a) the mean ART score on the first administration and 

that on the second administration, F( 1,19) = 16.33, and (b) the mean ART score on the 

second administration and that on the third administration, F(l, 19) = 11.04. 

The second stage of primary data analysis featured a series of a priori contrasts 

identical in purpose and design to those used in the analysis of ORT data. The specific 

contrasts, and their results, are shown in the bottom half of Table 3. This set of results has 

similar implications to the ORT results presented in the previous section: The ART 

performance of participants in the control group and Group LATL were reasonably 

equivalent, while the performance of participants in Group RATL was comparatively 

poorer. 

Again, several secondary data analyses were conducted, and again, the most 

relevant of these involved separate within groups repeated measures ANOVAs conducted 

on the data from each group. These analyses detected significant differences in 

performance across ART administrations within the control group, F(2, 12) = 20.40, as 

well as within Group LATL, F(2, 12) = 5.63, and within Group RATL, F(2, 14) = 4.99. 

Discussion 

Examinations of individual data revealed that the group means presented in 

Figures 4 and 5, and the data analyses presented above and in Table 3, fairly represent 

individual performance. The obtained data are consistent with the theoretically- and 
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empirically-based predictions that were tested. In short, the data confirm that, relative to 

healthy adults and patients with unilateral language dominant ATL, patients with 

unilateral language nondominant ATL struggle to (a) remember objects presented to them 

visually and in a spatial context, and to (b) form an accurate cognitive map of a 

computer-generated space simply by viewing demonstrations of movement through that 

space. 

The results of this study imply that, relative to healthy adults and to patients with 

unilateral language dominant ATL, patients with unilateral language nondominant ATL 

will have difficulty efficiently navigating in computer-generated space. That is, the latter 

patients will have more difficulty using a cognitive mapping strategy (which, we assume, 

is the most efficient means of learning about and memorizing an environment) to 

navigate because they have more difficulty creating cognitive maps. We test this 

prediction directly in the next study. 
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STUDY 3 

Adults with Right ATL Show Place Learning Deficits 

in Computer-Generated Space 

The purpose of this study was to systematically replicate and to extend studies 

(viz., Bauer et al., 2001; Skelton et al., 2000; Thomas et al., 2001) that together have 

provided suggestive evidence that damage to language nondominant temporal lobe 

structures disrupts performance in the CG Arena. Given this purpose, the data obtained in 

Study 2, and the literature reviewed above, we test this prediction: hi contrast to healthy 

adults and patients with unilateral language dominant ATL, patients with unilateral 

language nondominant ATL will show impairments on a spatial navigation task. 

The test of spatial navigation used here is a place learning paradigm originally 

devised by Morris (1981) for rats in a water maze, and subsequently adapted for humans 

in the CG Arena by Jacobs et al. (1997). The key task component is that participants are 

required to search for a hidden target that is always in the same place relative to distal 

cues. For rats, these distal cues are objects on the walls surrounding the water maze; for 

humans, the distal cues are objects on the walls of the CG experimental room. For both 

rats and humans, efficient location of the hidden target appears predicated on strong 

cognitive mapping skills (Morris, 1981; Fenton et al., 1994; Jacobs et al., 1997, 1998; 

Nadel et al., 1998). 

Method 

Participants 

The same three groups of participants as in Study 2 were used in this study. 



60 

Table 4. CG Arena Trial Parameters in Study 3 

Type of Trial 

Parameter Practice Acquisition Probe 

Number of trials 3 6 1 

Sequence of start locations* S, E, W S, E, W, N, E, S Random 

Target condition Visible Invisible Absent 

Target dimensions** 13x 13 13x 13 

Target location sequence^ C, SW, SE NW 

Time allowed on target^ 8s 15 s 

Trial time limit 180 s 120 s 120 s 

The "S" (south) starting location was near the middle of the South wall of the arena, the 
"E" (east) starting location was near the middle of East wall, and so on. Each start 
location (including the randomly determined one featured in the probe trial) faced and 
was within 2 units of the closest part of the arena wall. The sequence of starting locations 
was pseudorandomly determined so that successive trials never began at the same 
location. Each participant received an identical sequence of starting locations. 

**Measured in CG Arena units. 

^The "C" target location was in the center of the CG experimental room, the "SW" target 
location was near the center of the Southwest quadrant, the "SE" target location was near 
the center of the Southeast quadrant, and so on. When the target was in the NW quadrant, 
its center was approximately 24 units from the nearest part of the arena wall. Regardless 
of whether the target was visible or invisible, the sequence of target locations was 
pseudorandomly determined so that successive trials never featured the same target 
location. Each participant received an identical sequence of target locations. 

^The amount of time the participant was allowed to spend on the target before being 
automatically returned to the CG waiting room. 
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Procedure 

The participants were tested immediately after they had completed the procedures 

described in Study 2. The first part of the testing phase in this study consisted of three 

different types of trials in the CG Arena. The three types of trials were administered in 

this order, with no intervening procedures: 

1. Practice trials: The participant began in the center of the CG waiting room. He 

or she was instructed to practice using the joystick to manipulate the display 

until automatically transported to a pseudorandomly determined start position 

at the circumference of the CG experimental room. The CG experimental 

room featured a visible target; the participant was instructed to scan the room 

for the target, and to then move directly to it. After standing on the target for a 

brief time, the participant was automatically transported back to the CG 

waiting room. If the participant did not move toward and stand on the target 

within a predetermined time limit, the trial terminated and the participant was 

returned to the CG waiting room. The participant received several such trials. 

2. Acquisition trials: Again, the participant began in the center of the CG waiting 

room. After striking the space bar, the participant was transported to a 

pseudorandomly determined start position at the circumference of the CG 

experimental room. The participant then searched for a hidden target on the 

arena floor. The target became visible when the participant moved across the 

space it occupied. As with the practice trials, the participant stood on the 

target for a brief time before being automatically transported back to the CG 
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waiting room. If the participant did not find the hidden target and stand on it 

within a predetermined time limit, the trial terminated and the participant was 

returned to the CG waiting room. The participant received a series of such 

trials. 

3. Probe trial: hnmediately following the acquisition trials, each participant 

received a single probe trial. The probe trial was identical to the acquisition 

trials with these exceptions: (a) The target, unbeknownst to the participant, 

was not in the CG experimental room, and (b) after a predetermined time limit 

was reached, the trial terminated and the PC monitor presented a blank screen, 

thus indicating the end of this portion of the testing phase. 

Critical parameters for practice, acquisition, and probe trials are shown in Table 4. 

Because of a change in design midway through data collection, practice trials were only 

administered to 3 participants in Group LATL and to 3 participants in Group RATL. 

Immediately following this CG Arena portion of the testing phase, all participants 

were administered an ORT, an ART, and a series of open-ended questions asking them to 

describe their search strategy on the acquisition trials and on the probe trial. 

Results 

CG Arena 

Performance on the probe trial is one of the most robust measures of cognitive 

mapping in both rats and humans. Morris (1981) found that rats which had consistently 

located a hidden platform across acquisition trials in a water maze (and which, by 

implication, had created an accurate cognitive map) tended, on a subsequent probe trial. 
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to concentrate their search on the area where the target had formerly been located. Jacobs 

et al. (1997) found an identical pattern with humans in the CG Arena. We therefore focus 

the current analysis of CG Arena performance on results from the probe trial. We expect 

that participants who have formed an accurate cognitive map of the CG experimental 

room (i.e., who have identified the location of the hidden target in relation to objects on 

the walls of the room) will concentrate their search during the probe trial in the NW 

quadrant. 

Figure 6 illustrates the average time participants in each group spent searching 

each quadrant during the probe trial. Three independent within subjects repeated 

measures ANOVAs were conducted on these data. The first detected a significant main 

effect of quadrant in the control group, F(3, 18) = 23.20. Orthogonal post hoc contrasts 

conducted on the data obtained from the control group revealed: (a) No significant 

difference in mean dwell time between the SE and SW quadrants, (b) no significant 

difference in mean dwell time between the SE and SW quadrants taken together and 

compared against the NE quadrant, and (c) a significant difference in mean dwell time 

between the SE, SW, and NE quadrants taken together and compared against the NW 

quadrant, F(l, 6) = 24.38. 

The second repeated measures ANOVA revealed a similar pattern of data for 

participants in Group LATL. Within that group, there was a significant main effect of 

quadrant, F(3, 18) = 50.84. Orthogonal post hoc contrasts conducted on the data obtained 

from the Group LATL then revealed: (a) No significant difference in mean dwell time 

between the NE and SE quadrants, (b) no significant difference in mean dwell time 
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Figure 6. Probe Trial Performance in Study 3 

The average time (in seconds) that participants in Study 3 searched each quadrant of the 
CG experimental room during the probe trial. 
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between the NE and SE quadrants taken together and compared against the SW quadrant, 

and (c) a significant difference in mean dwell time between the NE, SE, and SW 

quadrants taken together and compared against the NW quadrant, F(l, 6) = 99.06. 

The third repeated measures ANOVA, conducted on the data from participants in 

Group RATL, revealed a different pattern. There was again a significant effect of 

quadrant, F(3, 21) = 8.78, but orthogonal post hoc contrasts indicated that participants in 

Group RATL did not concentrate exclusively on searching the NW quadrant during the 

probe trial. The set of contrasts found (a) no significant difference in mean dwell time 

between the NE and SE quadrants, (b) a significant difference in mean dwell time 

between the NE and SE quadrants taken together and compared against the SW quadrant, 

F(l, 7) = 11.65, and (c) a significant difference in mean dwell time between the NE and 

SE quadrants taken together and compared against the NW and SW quadrants taken 

together, F(l, 7) = 36.10. 

The data illustrated in Figure 6, and the data analyses presented above, suggest 

that, on the probe trial, participants in the control group and in Group LATL searched the 

target quadrant (NW) much more intensively than they did the other quadrants. In 

contrast, participants in Group RATL distributed their search of the arena more evenly, 

spending most of their time in the NW and SW quadrants. 

Another approach to the data yields effectively the same interpretation. This 

approach focuses on the average amount of time participants in each group spent in the 

target quadrant dxiring the probe trial. A one-way between-groups ANOVA comparing 

mean dwell time in the NW quadrant yielded a statistically significant omnibus result. 
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F(2, 19) = 4.42. Post hoc comparisons using Fisher's least significant difference (LSD) 

procedure detected significant differences in NW quadrant dwell time between Group 

RATL and the control group, t(19) = 2.52, and between Group RATL and Group LATL, 

t(19) = 2.56. 

ART 

Data from the ART allow further insight into the primary question of interest: 

whether participants in Group RATL showed deficits in cognitive mapping ability 

relative to participants in the control group and in Group LATL. This time, we use two 

dependent variables. One is total ART score (the same scoring system as was used in 

Study 2 was used here). The other is a measure of target placement: In this study, 

participants were asked to point to the empty square on the ART answer sheet that best 

represented, relative to distal cues, the location of the hidden target in the CG 

experimental room.'^ 

Figure 7 presents the average ART score (as a percentage) for the participants in 

each of the three groups. Upon visual inspection, these data are consistent with those 

presented in Figure 5. They indicate that participants in the control group and in Group 

LATL performed better on the task than did the participants in Group RATL. 

We undertook a similar approach to analyses of these data as in Study 2. This 

time, however, we proceeded directly to a series of a priori contrasts. The reasoning 

behind this approach is that these contrasts directly address the question of interest, and 

are likely to be more sensitive to the effects of interest than an omnibus F test would be 

(Rosenthal & Rosnow, 1991, pp. 467-468). The specific contrasts, and their results, are 
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Figure 7. ART Performance in Study 3 

Mean ART scores (as percentages) achieved by the participants in each of the three 
groups in Study 3. 
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Table 5. A Priori Contrasts Testing the Major Predictions of Study 3 

Variable Contrast ^ t 

ART total score 

Cvs. LATL 18 0.78 

(C + LATL)/2 vs. RATL 18 2.20* 

Note. C = control group; LATL = Group LATL; RATL = Group RATL. 

*2 < .05 
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shown in Table 5. As can be seen, the pattern of data obtained here for the dependent 

variable total ART score is identical to that obtained in Study 2. It appears, then, that 

participants in Group RATL, relative to the other participants, continue to display 

impaired cognitive mapping abilities. 

In terms of target placement, participants in the control group obtained a mean 

score of 78.57%, participants in Group LATL obtained a mean score of 50%, and 

participants in Group RATL a mean score of 33.33%. Scores on this dependent variable 

were not normally distributed, and so a nonparametric test was used to analyze the data. 

A Kruskal-Wallis one-way ANOVA comparing all three group means detected no 

significant group differences. Separate Maim-Whitney U tests found no significant 

differences in target placement score between the control group and Group LATL or 

between the two patient groups. A similar test comparing the control group to Group 

RATL yielded a statistically significant result, however (U = 6.00). 

Discussion 

Examinations of individual data revealed that the group means presented in 

Figures 6 and 7, and the data analyses presented above and in Table 5, fairly represent 

individual performance. The obtained data confirmed the predictions that were tested. 

First, data from the CG Arena probe trial data indicate that, relative to healthy adults and 

to patients with unilateral language dominant ATL, patients with unilateral language 

nondominant ATL show impairments on a place learning task. Second, ART data suggest 

that patients with unilateral language nondominant ATL are significantly less accurate in 

their reconstructions of the CG experimental room than are healthy adults and patients 
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with unilateral language dominant ATL following a place-learning task. In sum, these 

data, although not definitive, are consistent with the notion that, relative to healthy adults 

and to patients with unilateral language dominant ATL, patients with unilateral language 

nondominant ATL have difficulty navigating in a computer-generated space. This 

difficulty, we speculate, is based in impaired creation and use of cognitive maps. 

We are now left with this question: If patients with damage to the language 

nondominant hippocampal formation have disrupted ability to create and to use a 

cognitive mapping system for spatial navigation, then are there other, independent, neural 

systems that they might use to efficiently navigate in space? The final two studies 

reported here aim to provide at least preliminary answers to this question. 
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STUDY 4 

Healthy Adults Can Use Either Cognitive Maps or 

Heading Vectors to Navigate Computer-Generated Space 

Psychological research has identified at least two ways in which animals might 

navigate toward a hidden goal. First, the animal might construct and use a cognitive map, 

which contains information about geometric relationships between the goal and two or 

more stable visual landmarks (Nadel, 1991; O'Keefe & Nadel, 1978). Second, the animal 

might use a mental heading vector that specifies a constant distance and direction of the 

goal from a single, unstable landmark (Collett, Cartwright, & Smith, 1986; Roberts & 

Pearce, 1998). 

The cognitive mapping strategy, and research on cognitive mapping, was 

described at some length in the Introduction; therefore, only a brief recap will be 

provided here. After that recap, the literature on the heading vector system, and studies 

that have attempted to experimentally discriminate between the two systems, will be 

reviewed. 

As noted in the Introduction, research conducted in response to O'Keefe and 

Nadel's (1978) description of cognitive mapping theory focused on confirming 

predictions that animals would use a cognitive map to direct their navigation within an 

environment. Crucial requirements of this cognitive map are that it is based on (a) stable 

landmarks and (b) stable relationships between the goal and those landmarks. Given the 

volume of research on this topic, there is, unsurprisingly, a great deal of evidence that 
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many different species navigate to a goal by using stable landmarks that lie some distance 

from the goal (i.e., distal cues). 

Gallistel (1990) provides a comprehensive review of this evidence. For our 

purposes, however, perhaps the most relevant piece of this evidence is provided by 

Morris (1981), who frained rats to find a submerged platform and to thus escape from a 

pool of opaque water. As long as the platform was located in a fixed position, rats found 

it efficiently, even when released into the pool from novel locations. Morris (1981) 

explained the rats' behavior as the consequence of their identifying the position of the 

platform with respect to its geometric relationship to a set of stable distal cues. 

The importance of those distal cues remaining stable is clear: The construction of 

a cognitive map is impossible if landmarks are unstable (e.g., if they move from trial to 

trial); and, within cognitive mapping theory, successful navigation is impossible without 

reference to a cognitive map. For this reason, Biegler and Morris (1993) proposed that the 

use of landmarks for navigation is governed by this rule of thumb; "If it moves, don't use 

it as a landmark" (p. 633). 

The literature is by no means equivocal in this regard, however. One laboratory 

group has provided extensive evidence that bees and rodents can use a moving landmark 

in the service of successful navigation (Cartwright & Collett, 1982, 1983; Cheng, Collett, 

Pickhard, & Wehner, 1987; Collett, 1987; Collett at al., 1986). For example, in the 

experiment by Collett et al. (1986), gerbils were required to search a large circular arena, 

filled with black granite chips, for a cache of sunflower seeds. The latter was hidden at a 

fixed distance and direction from a cylindrical landmark, and the landmark and food were 
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moved from one trial to the next. Nonetheless, the gerbils concentrated their search in the 

appropriate region of the arena, where this region was defined with respect to the 

cylindrical landmark. 

Furthermore, Roberts and Pearce (1998) found, over the course of five 

experiments, that a moving landmark can acquire substantial control over the search for a 

goal. Perhaps their most important finding was that, when a landmark remained at a 

constant distance and direction from a goal, rats relied more on that landmark when it 

moved from testing session to testing session than when it never moved. Clearly, then, 

these data are at odds with predictions made by O'Keefe and Nadel (1978), and with data 

reported by Biegler and Morris (1993), among others. 

Taken together, the studies cited and reviewed above can lead to this conclusion: 

Animals can use either a cognitive mapping strategy (based on geometric relationships 

between stable landmarks and the goal) or a heading vector strategy (based on a single, 

unstable landmark that is a constant distance and direction from the goal) to navigate 

toward a hidden goal. 

Recent investigations into spatial navigation strategies have, therefore, attempted 

to describe conditions under which one strategy will be adopted over another, or under 

which one strategy will be unavailable while another remains available. To this end, 

some researchers have attempted to demonstrate that one independent and neurologically 

specific module (a cognitive mapping system) can operate separately from another 

independent and neurologically specific module (a heading vector module), hi their 

experiments, these researchers have typically adopted the method of double dissociation: 
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lesion A produces behavioral change a but not b, while lesion B produces behavioral 

change b but not a (Teuber, 1955; Shallice, 1988). 

Several assumptions are inherent in this approach. One is an assumption of 

neurological specificity (i.e., that different mental functions have different neural 

substrates; see Parkin, 1996). Another is an assumption that at least some tenets of the 

modularity principle (see Fodor, 1983) hold. The aim of this paper is not to critique that 

experimental approach or its assumptions. Rather, we review here attempts to establish 

the existence of separate cognitive mapping and heading vector modules that comprise a 

spatial navigation system. 

Unfortunately, there are as yet no experimental demonstrations of a true double 

dissociation in this domain of psychological functioning, however. That is, there have 

been no demonstrations that each module can work in the absence of the other. One 

group of researchers has demonstrated a single dissociation, though. 

Given that the hippocampus is theorized to be the neural center of a cognitive 

mapping system (O'Keefe & Nadel, 1978), and because hippocampal lesions impair 

spatial navigation abilities (see, e.g., Morris et al., 1982), Pearce, Roberts, and Good 

(1998) chose to focus on this brain structure. They lesioned the hippocampus of one 

group of rats and subjected another group to a control operation. Following surgery and 

recovery, all rats were trained to find a submerged platform in a Morris water maze. This 

hidden platform was always a constant distance and direction away from a spherical 

landmark, which was clearly visible on the surface of the water. Rats were tested across 



11 training sessions, with each session consisting of four trials. At the beginning of each 

session, the platform and landmark were moved to a new position in the water maze. 

Using escape latency as their primary dependent variable, the experimenters 

found that the performance of rats in the control group improved within sessions (that is, 

their escape latency decreased from the first to the last trial within a session). In contrast, 

there was little evidence of a within-session improvement in the performance of rats in 

the lesion group. More significantly, on the first trial of intermediate sessions, rats with 

hippocampal lesions found the platform more rapidly than did rats in the control group. 

Additionally, on the first trial of each intermediate session, control but not hippocampally 

damaged rats explored the region of the water maze in which the platform had been 

located during the previous session. 

Pearce and colleagues interpreted these results as indicating that, in rats, 

hippocampal lesions disrupt navigation based on cognitive maps but not heading vectors. 

They stated: 

There are two reasons for believing that the control group identified the position 

of the platform by means of a cognitive map based on the cues outside the pool, 

rather than by using the landmark within the pool. First, the acquisition of such a 

map in one session would encourage the rats to search for the platform in the 

wrong location at the start of the next sessions, which would explain the relatively 

long escape latencies for the control group in the first trial of many sessions. 

Second, the development of such a map would explain the marked improvement 

in performance that was seen within a session by the control group. In contrast. 
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there is no evidence that rats with damage to the hippocampus identified the 

position of the platform by means of a cognitive map based on cues outside the 

pool. In the absence of such a map, these rats would not search in the wrong part 

of the pool at the outset of such a session, which would explain why their escape 

latencies were significantly shorter than for the control group in trial 1 of a 

session. At the same time, the lack of a cognitive map would prevent hippocampal 

rats from showing the within-session improvement that was so marked in the 

control group. (1998, p. 76) 

This experiment, then, provides a demonstration of a single dissociation: a 

heading vector strategy/module operating in the absence of a cognitive mapping 

strategy/module. 

The primary purpose of Study 4 and Study 5 in the current series is to answer the 

question of whether the rat data described by Pearce et al. (1998) are generalizable to 

humans, who have a more complex brain structure than rodents and who thus might have 

relatively more complex spatial navigational strategies/modules. A secondary purpose is 

to provide ideas for how future studies might address the question of a classic double 

dissociation between cognitive mapping and heading vector strategies. 

Study 4 aims to demonstrate that, ordinarily, both cognitive mapping and heading 

vector navigation strategies are available to healthy adults. One group of participants will 

be forced, by experimental manipulation, to use a heading vector strategy to find a hidden 

target in the CG experimental room. A second group will be forced, also by experimental 

manipulation, to use a cognitive mapping strategy to find the same hidden target. 



Method 

Participants 

Forty University of Arizona undergraduate students (23 females and 17 males), 

between 17 and 23 years of age (M = 19.03; SD = 1.31), served as participants. Each 

participant was randomly assigned to one of four experimental conditions: Group 

MapSwap (n = 10), Group MapProbe (n = 10), Group VectorSwap (n = 10), or Group 

VectorProbe (n = 10). All participants were tested in a psychology laboratory at the 

University of Arizona. 

Design and Procedure 

The first part of the testing phase in this study comprised two different types of 

trials in the CG Arena. These two types of trials were administered in this order, with no 

intervening procedures: 

1. Acquisition trials: Most of the parameters for these trials were identical to 

those described in Study 3. One important difference from Study 3 is that, on 

each of the acquisition trials in this study, a solid red spherical landmark (as 

described in the General Method section) was present in the CG experimental 

room. Additionally, these are parameters that differed across experimental 

conditions: For Group MapSwap and Group MapProbe. the hidden target 

remained in a constant location across trials, while the location of the 

landmark moved from trial to trial. Thus, for participants in each of these 

groups, the location of the landmark was irrelevant to the location of the 

target. The purpose of this design was to encourage participants to use a 
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cognitive mapping strategy to navigate toward the hidden target. For Group 

VectorSwap and Group VectorProbe. the target and landmark remained in 

constant position relative to one another, but they moved to different locations 

within the arena from trial to trial. The purpose of this design was to 

encourage participants to use the landmark, rather than the distal cues on the 

walls of the CG experimental room, to navigate toward the hidden target (i.e., 

to use a heading vector strategy). 

2. Test trial: Lnmediately following the acquisition trials, each participant 

received a single test trial. For each group, the test trial was identical to the 

acquisition trials, with the following exceptions: For Group MapSwap and 

Group VectorSwap, the distal cues on the arena walls were swapped around 

(specifically, the cues originally on the East wall were now on the West wall, 

and vice-versa). The purpose of this aspect of the design was to make it 

impossible for participants in Group MapSwap to find the hidden target using 

a conventional cognitive mapping strategy; participants in Group VectorSwap, 

on the other hand, would continue to be able to use a heading vector strategy 

for effective navigation. For Group MapProbe and Group VectorProbe. the 

landmark was absent from the CG experimental room. The purpose of this 

aspect of the design was to make it impossible for participants in Group 

VectorProbe to find the hidden target using a heading vector strategy; 

participants in Group MapProbe, on the other hand, would continue to be able 

to use a cognitive mapping strategy for effective navigation. For participants 



in each group, the test trial terminated after a predetermined time limit was 

reached. The PC monitor then presented a blank screen, thus indicating the 

end of this portion of the testing phase. 

Critical parameters for the acquisition trials and test trial are shown in Table 6. 

Immediately following the CG Arena portion of the testing phase, all participants were 

administered an ART and were asked a series of open-ended questions about their search 

strategy in the CG experimental room. 

Results 

The experimental design described above tests this set of predictions. First, 

participants in all groups will, across acquisition trials, learn to (a) locate the hidden 

target, and (b) navigate efficiently toward it. Second, participants in Groups MapSwap 

and VectorProbe will perform more poorly on the test trial than on the final learning 

trials. Third, participants in the Groups VectorSwap and MapProbe will perform at least 

as well on the test trial as on the final learning trials. 

CG Arena 

As can be seen in Table 6, participants in Group MapSwap and Group MapProbe 

received an identical set of acquisition trials; the same is true for participants in Group 

VectorSwap and Group VectorProbe. Therefore, we combined acquisition trial data from 

Group MapSwap and Group MapProbe; we did the same for Group VectorSwap and 

Group VectorProbe. Combining the data in this way substantially increases the power to 

detect differences between the combined groups in performance across acquisition trials. 

We thus proceeded to test the first of the above predictions. 
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Table 6. CG Arena Trial Parameters in Study 4 

Type of Trial 

Parameter Acquisition Test 

All groups 

Number of trials 
Sequence of start locations 
Target condition 
Target dimensions 
Time allowed on target 
Landmark dimensions 
Trial time limit 

Groups MapSwap and MapProbe 

Target location 

Groups VectorSwap and VectorProbe 

Target location sequence 

Groups MapSwap and VectorSwap 

Landmark location sequence 

Groups MapProbe and VectorProbe 

Landmark location sequence 

S, N, E, S, W, E, N 
Invisible 
13x 13 
15 s 
6 x 6 x 6  
120 s 

NW 

1 
Random 
Invisible 
13x 13 
15 s 
6 x 6 x 6 *  
120 s 

NW 

SE, SW, NE, NW, SE, SW, NW NE 

SE, SW, NE, NW, SE, SW, NW NE 

SE, SW, NE, NW, SE, SW, NW 

Note. When the location of the target and landmark were relevant to each other (as in the 
acquisition trials for Group VectorSwap and Group VectorProbe), the objects were 
always in the same quadrant of the CG experimental room. In such cases, the landmark 
always approximately 20 units due north of the target. 

*The landmark was absent from the CG experimental room during the test trial for 
Groups MapProbe and VectorProbe. 
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Figure 8. Acquisition Trial Performance in Study 4 

Mean path length (in CG Arena units) to find the invisible target on the acquisition trials 
of Study 4. Block 1 is the mean of the first two acquisition trials; Block 2 is the mean of 
the third and fourth acquisition trials; Block 3 is the mean of the fifth, sixth, and seventh 
acquisition trials. 
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Figure 8 illustrates the acquisition curves obtained from participants in two 

collapsed groups: the Mapping Groups (i.e., Groups MapSwap and MapProbe) and the 

Vector Groups (i.e.. Groups VectorSwap and VectorProbe). A repeated measures 

ANOVA conducted on these data detected a significant effect of trial block, F(2, 76) = 

5.81, a significant trial block x group interaction, F(2, 76) = 4.02, but no significant effect 

of group. This pattern of data is reasonably explained by reference to the figure: The 

Mapping Groups show orderly acquisition after requiring a relatively longer path to 

initially locate the invisible target, whereas the Vector Groups initially take a shorter path 

to the target and then continue to take a similarly direct path across trials. By the end of 

the acquisition trials, participants in all groups have learned where the target is located, 

and are performing equally well. 

Secondary data analyses confirm these impressions. First, separate repeated 

measures ANOVAs conducted on the path length data from each of the collapsed groups 

found a significant difference across trial blocks in the Mapping Groups, F(2, 38) = 

12.39, but not in the Vector Groups. Second, a one-way ANOVA comparing performance 

of the group means on trial block 3 (i.e., acquisition trials 5-7) found no significant 

differences. 

The second prediction tested here is that participants in Groups MapSwap and 

VectorProbe will perform more poorly on the test trial than on the final learning trial, 

whereas participants in the other two groups will perform at least as well on the test trial 

as on the final learning trial. Figure 9 illustrates, for each group, the mean path length on 

the final acquisition trial compared to the mean path length on the test trial. As can be 
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Figure 9. Baseline Versus Test Trial Performance in Study 4 

Mean path length (in CG Arena units) participants in Study 4 took to find the hidden 
target on the final acquisition trial and the test trial. 



84 

seen, participants in Groups MapSwap and VectorSwap required only slightly longer path 

lengths to find the target on the test trial than on the final acquisition trial. Participants in 

Group MapProbe, on the other hand, required a slightly shorter path length to find the 

target on the test trial. Most importantly, participants in Group VectorProbe took a much 

longer path to the target on the test trial than on the final acquisition trial. 

Separate repeated measures ANOVAs conducted on the data from Groups 

MapSwap, MapProbe, and VectorSwap duly found no significant results. A repeated 

measures ANOVA conducted on the data from Group VectorProbe revealed that 

participants took a significantly longer path on the test trial than at baseline, F(l, 9) = 

5.30. All of these results, except for those from Group MapSwap, are in the predicted 

direction, and thus imply the following: 

1. For participants in Group MapProbe, removing the landmark fi-om the CG 

experimental room on the test trial had no effect on their ability to locate the 

hidden target. We expected this result because we expected these participants 

to use a cognitive mapping strategy for navigation. 

2. For participants in Group VectorSwap, swapping distal cues on two walls in 

the CG experimental room on the test trial had no effect on their ability to 

locate the hidden target. We expected this result because we expected these 

participants to use a heading vector strategy for navigation. 

3. For participants in Group VectorProbe, removing the landmark from the CG 

experimental room on the test trial had a devastating effect on their ability to 
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locate the hidden target. We expected this result because we expected these 

participants to use a heading vector strategy for navigation. 

4. For participants in Group MapSwap, swapping distal cues on two walls in the 

CG experimental room on the test trial had no effect on their ability to locate 

the hidden target. We did not expect this result. Instead, we expected these 

participants to have great difficulty locating the hidden target on the test trial, 

given that we expected them to be using a cognitive mapping strategy for 

navigation. Possible reasons for the failure to confirm this prediction are 

detailed in the Discussion section below. 

ART 

The scoring system used to assess ART performance in this study is the same as 

used by Thomas et al. (2001). This scoring system, which is shown in Appendix C, yields 

the same information as did those used in the earlier studies (i.e., it measures how 

accurately the participant was able to reconstruct the CG experimental room). It differs 

slightly, however, in that it divides the total ART score into two components: a wall 

relations component, which measures how accurately the participant reconstructed the 

relationships among walls of the CG experimental room, and an item grouping 

component, which measures how accurately the participant arranged objects on those 

walls. 

Figure 10 presents the mean wall relations and item grouping scores of 

participants in two collapsed groups: the Mapping Groups (i.e.. Groups MapSwap and 

MapProbe) and the Vector Groups (i.e.. Groups VectorSwap and VectorProbe). Again, 
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Figure 10. ART Performance in Study 4 

Mean scores (as percentages) achieved by the participants in each of the two collapsed 
groups in Study 4 on each of the two ART components. 



we collapsed the four groups into two because the major prediction to be tested here is 

that participants in Group MapSwap and Group MapProbe would show superior ART 

performance to participants in Group VectorSwap and Group VectorProbe. This 

prediction follows directly from the characteristics of the spatial navigation strategy the 

experimental design encouraged in each group: Participants in those groups using a 

cognitive mapping strategy would, by definition, have good knowledge of the 

arrangement of distal cues in the CG experimental room, hi contrast, participants in those 

groups using a heading vector strategy would not need to be as intimately familiar with 

that arrangement. 

Within the Mapping Groups and Vector Groups, scores on each of the 

components were not normally distributed. Therefore, nonparametric analyses were used 

to test the above prediction. Separate Mann-Whitney U tests found significant between-

group differences on both the wall relations component (U = 127.50) and the item 

grouping component (U = 121.50). Clearly, these data confirm the prediction being 

tested: Participants in the Mapping Groups had a better knowledge of the arrangement of 

distal cues in the CG experimental room than did participants in the Vector Groups. 

Given the findings from earlier studies and fi^om previous studies in this series, we can 

thus assume that the Mapping Groups did indeed use a cognitive mapping strategy to 

navigate the computer-generated space. 

Discussion 

Examinations of individual data revealed that the group means presented in 

Figures 8, 9, and 10, and the data analyses presented above, fairly represent individual 
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performance. We can now tentatively draw the following conclusions: (a) CG Arena 

acquisition trials data suggest that participants in all four groups learned to efficiently 

locate and move toward the hidden target, so that by the final acquisition trial group 

means for path length were not significantly different; (b) acquisition trials data and ART 

data both suggest that participants in Groups MapSwap and MapProbe used a cognitive 

mapping strategy to successfully navigate the CG experimental room; and (c) data 

comparing performance on the final acquisition trial and the test trial suggest that 

participants in Groups VectorSwap and VectorProbe used a heading vector strategy, and 

participants in Group MapProbe used a cognitive mapping strategy, to successfully 

navigate the CG experimental room. 

We made the prediction that participants in Group MapSwap would experience 

great difficulty finding the hidden target on the test trial relative to the final acquisition 

trials. That prediction was not borne out. There may be several explanations for the 

inaccuracy of this prediction. One is that participants in this group were not using a 

cognitive mapping strategy at all during the acquisition trials, and so the swapped distal 

cues on the test trial had no effect on their performance. This explanation seems unlikely 

given several factors, including the current ART data and the results fr"om previous CG 

Arena studies using similar sets of acquisition trials (Jacobs et al., 1997, 1998; Thomas et 

al., 2001). Additionally, if participants in this group did not use a cognitive mapping 

strategy to produce the acquisition curve they did, then what strategy did they use? Using 

a heading vector strategy would have been counterproductive given the irrelevance of the 

landmark location to the target location. Similarly, a route-based strategy would have 



been defeated by the series of different start positions across acquisition trials. We are not 

aware of, and the literature does not suggest, any other potentially successful navigational 

strategies. 

Perhaps a better explanation for the failure to find the predicted result in Group 

MapSwap is this: The participants in that group did use a cognitive mapping strategy, but 

the cues that were swapped (i.e., those on the East and West walls) were not essential 

parts of that map (i.e., they were not essential to the participants' efforts to consistently 

locate the hidden target). Support for this explanation comes from Jacobs et al. (1998), 

who studied the effects of removing distal cues, and of changing topographical relations 

among distal cues, in the CG Arena. They discovered that "humans do not require any 

given set of distal stimuli, but do require at least one set, to relocate a place in [computer-

generated] space" (p. 304). Thus, given that during the current study the objects on the 

North and South walls remained in constant position, the participants in Group MapSwap 

could have used those cues, and the relationship between them, to successfully locate the 

hidden target on the test trial. 

Fortunately, we do not have to guess as to whether this was the case. During the 

questionnaire phase of this study, participants were asked a series of questions about their 

search strategies in the CG experimental room. In response to the question, "The last time 

you searched for the invisible target, did you know where it was?" 8 of 10 participants in 

Group MapSwap answered "yes." Then, in response to the question, "After you knew 

where the invisible target was, how did you find your way back to it?" all of those 

participants mentioned using spatial relations between distal cues and the target. 
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In conclusion, the major aim of this study was to demonstrate that both cognitive 

mapping and heading vector navigation strategies are available to healthy adults. The 

current data (in tandem with that from earlier studies in this series, from previous CG 

Arena studies, and from other work in virtual and real enviroimients) argues persuasively 

that cognitive mapping strategies are available to healthy adults under ordinary 

circumstances. The current data also provide evidence, for the first time, that heading 

vector strategies are, under ordinary circumstances, available to healthy adults operating 

in VEs. We now move on to answer the question of whether, as is the case with rats 

(Pearce et al., 1998), human hippocampal lesions disrupt navigation based on cognitive 

maps but not heading vectors. 
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STUDY 5 

Right ATL Does Not Disrupt 

Spatial Navigation Based on Heading Vectors 

The purpose of this study was to systematically replicate data obtained by Pearce 

et al. (1998). As described in the introduction to Study 4, those authors found that 

hippocampal lesions disrupt rats' spatial navigation based on cognitive mapping, but not 

on heading vector, strategies. 

In Study 3, we established that, relative to healthy adults and to patients with 

unilateral language dominant ATL, participants with unilateral language nondominant 

ATL show impairments on a spatial navigation task that requires a cognitive mapping 

strategy for optimal solution. In Study 4, we established that, under ordinary 

circumstances, heading vector spatial navigation strategies are available to healthy adults. 

In this study, then, we aim to test the prediction that, relative to patients unilateral 

language dominant ATL, patients with unilateral language nondominant ATL will show 

no impairments on a spatial navigation task that requires a heading vector strategy for 

optimal solution. 

The test of spatial navigation used here is based on the experimental paradigm 

used by Pearce et al. (1998) and by Roberts and Pearce (1998). In that paradigm, rats 

were required to search a water maze for a submerged platform that was always at the 

same distance and direction from a spherical landmark. Rats were tested across several 

sessions; each session consisted of several trials. The platform and landmark remained in 

the same place for each trial within a session, but were moved to new positions at the 



92 

beginning of a new session. Results from studies using this paradigm indicate that 

hippocampally damaged rats can successfully navigate by means of heading vectors (i.e., 

by using the landmark to direct them toward the submerged platform). 

Method 

Participants 

Seven participants were recruited from the UFCEP post-surgery patient 

population. Each participant was assigned to one of two groups based on surgery 

location. Thus, four of the patients (2 males and 2 females) were assigned to Group 

RATL because they had imdergone unilateral temporal lobectomy of the language 

nondominant (right) hemisphere. The other three patients (1 male and 2 females) were 

assigned to Group LATL because they had undergone unilateral temporal lobectomy of 

the language dominant (left) hemisphere.'^ 

The participants in Group LATL were between 27 and 42 years of age (M = 

33.67; ^ = 7.64); they had an average of 13.00 years of education (SD = 3.00). The 

participants in Group RATL were between 35 and 52 years of age (M = 42.25; SD = 

8.18); they had an average of 13.75 years of education (SD = 2.06). Independent-samples 

t-tests found no significant group differences on these demographic variables. 

Six of the 7 participants were tested in their homes. The other, a 36-year-old male 

in Group RATL, was tested in a psychology laboratory at the University of Florida. 

Procedure 

The first part of the testing phase consisted of two different types of trials in the 

CG Arena. These trials were administered in this order, with no intervening procedures; 
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Table 7. CG Arena Trial Parameters in Study 5 

Set of Trials 

Parameter Practice Bout One Bout Two Bout Three 

Number of trials 3 4 4 4 

Sequence of start locations S, E, W S, E, W, S S, W, E, N N, E, W, N 

Target condition Visible Invisible Invisible Invisible 

Target dimensions 13 x 13 13 x 13 13 x 13 13 x 13 

Landmark dimensions 6x6x6 6x6x6 6x6x6 

Target location C, SW, SE NW SE SW 

Landmark location NW SE SW 

Time allowed on target 15 s 20 s 20 s 20 s 

Trial time limit 120 s 120 s 120 s 120 s 
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1. Practice trials: The set of practice trials administered here was identical to that 

administered to the participants in Study 3. 

2. Acquisition trials; The characteristics of the acquisition trials administered 

here were similar to those of the acquisition trials administered to participants 

in Groups VectorSwap and VectorProbe of Study 4. That is, the CG 

experimental room contained a hidden target and a spherical red landmark that 

were always in the same position relative to one another. Participants were 

administered 3 bouts of acquisition trials; each bout contained 4 trials. Both 

the target and landmark remained in the same place for each trial within a 

bout, but were moved to new positions at the beginning of a new bout. 

Critical parameters for these trials are shown in Table 7. 

Immediately following the CG Arena portion of the testing phase, all participants 

were administered an ORT, an ART, and a series of open-ended questions asking them to 

describe their search strategy on the acquisition trials. 

Results and Discussion 

One participant in Group LATL (a 46-year-old female) completed the first and 

second bouts of acquisition trials before complaining of dizziness and headache brought 

on by viewing the dynamic PC monitor display. Her participation in the study concluded 

at that point. The partial set of data we collected from her is not included in the following 

analyses. 

Because of the small sample sizes in this study, we take a more idiographic and 

qualitative approach to data analysis here. Table 8 shows the time each participant took to 
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find the hidden target on the first and last (fourth) trials of each bout. Figure 11 shows the 

search paths taken by a participant in Group LATL (P07) and by a participant in Group 

RAIL (P04) on the first and last trials of Bouts One and Two, and on the first trial of 

Bout Three. We focus on the first and last trials of each bout because Pearce et al. (1998) 

gave a similar concentration to their analyses. 

The data shown in Table 8 and in Figure 11 indicate that, in some respects, the 

pattern of results obtained bears marked similarity to the pattern found by Pearce et al. 

(1998). In other respects, however, the current data are in surprising contrast to those 

found by Pearce and colleagues. These are the primary similarities in data pattern 

between the two studies: 

1. Table 8 shows that, during Bout Two, all participants in Group RATL began 

to use a navigational strategy that helped them move more or less directly toward the 

hidden target on each subsequent trial. They showed progressively decreasing latency to 

the target as training progressed, but showed little evidence of within-bout improvement 

in performance. This pattern of performance is identical to the group of hippocampally 

damaged rats tested by Pearce et al. (1998). 

Table 8 shows that, on the first trial of Bout Three, all participants in Group 

RATL moved directly toward the hidden target, in much the same way as they had on the 

• 1 ^ • • • last tnal of Bout Two. They did so despite the fact that the target was in a different 

location on those two trials. The landmark, however, was always a constant distance and 

direction fi-om the target. Navigating by means of heading vectors, the group of 
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Table 8. Latency to the Hidden Target in Study 5 

Bout One Bout Two Bout Three 

Trial 1 Trial 4 Trial 1 Trial 4 Trial 1 Trial 4 

Group LATL 

P2 33.95 19.75 17.95 8.75 9.65 20.05 

P3 10.65 13.70 82.50 120.00 114.65 79.00 

P7 110.35 8.00 24.95 23.25 9.10 11.25 

Group RATL 

P4 14.35 76.55 46.50 10.15 10.05 16.35 

P5 34.50 7.90 120.00 12.55 16.7 31.10 

P6 116.4 54.40 67.40 27.05 31.15 19.90 

Note. Latency to target is measured in seconds. 
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Figure 11. Search Paths on Acquisition Trials in Study 5 

The search paths taken by patients with unilateral language dominant ATL (P07) and 
unilateral language nondominant ATL (P04) on the first and last (fourth) trials of Bouts 
One and Two, and on the first trial of Bout Three, in Study 5. 
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hippocampally damaged rats tested by Pearce et al. (1998) produced a similar pattern of 

data on the intermediate sessions of their training. 

The primary differences in data pattern between the two studies are these: Pearce 

and colleagues found that, for their group of sham-lesioned rats, (a) escape latency 

decreased across training sessions, and (b) within each session, performance in the last 

trial was superior to that in the first trial. For most of the participants in Group LATL in 

the current study, we found (a) but not (b).^'' A possible explanation for the failure to 

replicate this aspect of the data pattern found by Pearce et al. (1998) is that participants in 

Group LATL did not persist with a cognitive mapping strategy in the way that the sham-

lesioned rats did. Rather, they quickly discovered the most efficient means of 

successfully locating the target, and thus began to navigate by means of heading vectors 

during Bout Two. 

If participants in Group LATL were indeed already navigating by means of 

heading vectors when they reached Bout Three (and possibly even during the first trial of 

Bout Two), we would expect that their data pattern would be identical to that of Group 

RATL at the same stage. Table 8 shows that this is the case for most participants in 

Group LATL. 

The fact that both groups of patients were navigating by means of heading vectors 

toward the latter stages of Bout Two and throughout Bout Three explains another 

difference between the data pattern in this study and that in Pearce et al. (1998). Those 

authors found that, during intermediate sessions of training, sham-lesioned rats found the 

platform more rapidly than did hippocampally damaged rats (because navigating by 



cognitive maps allows rats to find a submerged platform more rapidly than navigating by 

means of heading vectors). In contrast, Table 8 shows that most participants in Group 

LATL performed similarly to participants in Group RATL on the last trial of Bouts Two 

and Three. 

The CG Arena data, then, seem to indicate that participants in both patient groups 

quickly learn to adopt the strategy that will lead to most successful task completion: 

navigation by means of heading vectors. Data collected from the ORT and ART add 

weight to this argument. We would expect individuals who are navigating by means of 

heading vectors to perform poorly on both tasks, given that the primary focus of their 

attention is on the relationship between the target and the landmark, rather than on the 

distal cues in the CG experimental room. Indeed, the participants in this study who we 

presiraie to have navigated by means of heading vectors (i.e., all except participant P3 in 

Group LATL) performed poorly on the ORT (mean discrimination score = 3.8, with no 

obvious group differences) and on the ART (mean score = 27.86%, with no obvious 

group differences). Contrast these scores, which were obtained after 12 trials in the CG 

experimental room, to the scores obtained by participants in Study 2, who experienced 3 

trials, and to the scores obtained by the participants in Study 3, who experienced 7 trials. 

Again, it seems clear that, although the participants in this study were generally locating 

the hidden target very quickly, they were not using a cognitive mapping strategy to do so. 

Finally, during the questionnaire phase we asked participants several questions 

about their search strategies in the CG experimental room. For our purposes here, the two 

most pertinent questions were "Were the hidden target and the landmark always close to 
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one another?" and "Did you use the landmark to direct you toward the target?" Four of 

the five participants who we presume to have navigated by means of heading vectors 

answered "yes" to both questions. The other participant, who was in Group RATL, 

responded "no" to the first question and "Not always; more so later on" to the second 

question. Again, these answers seem to confirm that these participants used a heading 

vector strategy to successfully find the hidden target. 

In summary, data from several different sources indicate that most participants in 

this study learned to use a heading vector strategy to consistently locate a hidden target 

that remained at a constant distance and direction from a landmark, but that did not 

remain in the same place relative to distal cues in the VE. Although the sample sizes in 

this study are too small for us to draw definitive conclusions, the results we found here 

may be regarded as promising pilot data. We are encouraged by these data to further 

pursue the notion that unilateral language nondominant ATL does not disrupt navigation 

based on heading vectors. 
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GENERAL DISCUSSION 

Summary of Results 

The studies described above demonstrated cognitive mapping impairments, but 

some spared spatial navigation abilities, in patients with language nondominant ATL. A 

non-immersive VE, the CG Arena, was used to create the cognitive mapping and spatial 

navigation tasks in all of the studies. 

Studv 1 

This study used an observational learning experimental paradigm originally 

described by Thomas et al. (2001). A group of healthy adult participants was 

administered three learning trials in the VE. Following each trial, participants showed 

progressively more accurate (a) recognition of the objects in the CG experimental room 

(as measured by the ORT), and (b) reconstruction of the spatial arrangement of walls and 

objects in that room (as measured by the ART). After the third learning trial, almost all 

participants performed perfectly on both measures of visual-spatial memory. The data 

from this study provide support for the idea, originally proposed by Thomas et al. (2001), 

that healthy adults can create an accurate a cognitive map of computer-generated space 

merely by watching another person's movement through that space. Furthermore, these 

data show that the ART, especially, is an effective and direct way to measure the creation 

and quality of cognitive maps in the virtual environment. 

Studv 2 

This study used the same procedure as Study 1. Three groups of participants 

(healthy adults, patients with unilateral language dominant ATL, and patients with 
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unilateral language nondominant ATL) were administered three observational learning 

trials in the VE. ORT and ART data gathered in the same manner as in Study 1 confirmed 

that, relative to healthy adults and patients with unilateral language dominant ATL, 

patients with unilateral language nondominant ATL struggle to (a) remember objects 

presented to them visually and in a spatial context, and (b) form an accurate cognitive 

map of a computer-generated space simply by viewing demonstrations of movement 

through that space. These data are consistent with the material-specific hypothesis of 

cerebral hemispheric specialization. 

Study 3 

Given the data obtained in Study 2, data from other studies of ATL patients, and 

theory driven by the material-specific hypothesis, we set out to test the following 

prediction in this study: that, in contrast to healthy adults and to patients with unilateral 

language dominant ATL, patients with unilateral language nondominant ATL will show 

impairments on a spatial navigation task. The task used here was a place learning 

paradigm originally applied to VEs by Jacobs et al. (1997) and previously used in two 

CG Arena neuropsychological studies (Bauer et al.. 2001; Skelton et al., 2000). 

The obtained data confirmed the prediction being tested. First, relative to healthy 

adults and to patients with imilateral language dominant ATL, patients with unilateral 

language nondominant ATL showed significant impairments on the place learning task. 

Second, on an ART administered after the place learning task, patients with unilateral 

language nondominant ATL showed significantly impaired ability to accurately 

reconstruct the CG experimental room (including target location). 
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Again, these data are consistent with a material-specific account of hemispheric 

specialization, and, again, they are easily interpreted within a cognitive mapping 

framework. At this point in the current series of studies, we can confidently, but not 

definitively, state that patients with unilateral language nondominant ATL have difficulty 

navigating in a computer-generated space because they have difficulty creating and using 

cognitive maps. 

Study 4 

The purpose of this study was to demonstrate that, ordinarily, both cognitive 

mapping and heading vector navigation strategies are available to healthy adults. 

Differential manipulations of CG Arena parameters encouraged one group of participants 

to navigate by means of a heading vector (i.e., to repeatedly find a hidden target by using 

a landmark that was located a constant distance and direction fi"om it), and a second 

group to navigate by means of a cognitive map (i.e., to repeatedly find a hidden target by 

using geometric relationships between stable distal stimuli). These manipulations were 

successful. Data from a series of acquisition trials and a single test trial confirmed that, 

under ordinary circumstances, healthy adults can navigate either by means of heading 

vectors or by means of cognitive maps. 

Study 5 

This study attempted to systematically replicate the results obtained by Pearce et 

al. (1998), who found that hippocampal lesions in rats disrupt navigation based on 

cognitive maps but not heading vectors. Using the CG Arena, we created a spatial 

navigation task similar to the water maze task used by Pearce et al. (1998). We 
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administered this task to a group of patients with unilateral language dominant ATL, and 

compared their performance to that of a group of patients with unilateral language 

nondominant ATL. Given the parameters of the task, which encouraged a heading vector 

strategy for optimal solution, we predicted that the two groups would perform similarly, 

and that neither would show task-related impairments. 

Although hampered by small sample sizes, this study still produced data 

indicating that most participants, regardless of group assignment, navigated toward a 

hidden target by using a heading vector strategy. That is, consistently located the target 

by deriving information from a landmark that remained at a constant distance and 

direction from the target, but that did not remain in the same place relative to distal cues 

in the VE. These data provide preliminary evidence that unilateral language nondominant 

ATL does not disrupt navigation based on heading vectors. 

Limitations of the Current Studies, and Future Directions 

The studies reported here might be vulnerable to criticism on several fronts, hi 

this final section of this paper, we discuss some of those potential criticisms, and we 

outline ways in which future studies may be able to address the most serious of them. 

The Effects of Age 

Participants in the control group of healthy adults used in Study 2 and Study 3 

were, for the most part, significantly younger than participants in the patient groups. The 

average age of participants in the control group was less than 20 years; the average age of 

patients, on the other hand, was close to 40 years. Thus, it is possible that the results of 

Study 2 and Study 3 are confounded by these group differences in age. 
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Several pieces of data from several different studies argue against this possibility. 

First, Thomas et al. (1999) found no differences between a group of healthy young adults 

(mean age =19.18 years; range = 18-20 years) and a group of healthy middle-aged 

adults (mean age = 45.09 years; range = 4-52 years) on a CG Arena test of spatial 

navigation. This result implies that, in terms of age, the control group used in Study 2 and 

Study 3 provided a valid comparison for the patient groups in those studies. 

A second piece of data arguing against age being a confounding variable in Study 

2 and Study 3 is this; The literature on age-related declines in spatial ability strongly 

suggests that these declines occur only after the sixth decade of life, and that even then 

those declines may not be as steep for other cognitive abilities (Kirasic, 2000; Salthouse 

& Ferrer-Caja, 2003). 

Despite the fact that the lines of evidence described above argue against age as a 

confounding variable, we could have taken immediate steps to counteract the possible 

confound by using age as a covariate in the Study 2 and 3 data analyses. This approach is 

imappealing, however, not least because the ANCOVA is a statistical technique fraught 

with complexity that often leads to misinterpretation of effects. Also, attempting to gain 

statistical control over a methodological problem is often a last-ditch option. We are 

fortunate to have other options here. 

The best of those options is to gather observational learning and place learning 

data from healthy adults who are matched to the patients in the extant groups on key 

demographic variables such as age and socioeconomic status. In the near friture, we will 

make strong efforts to solicit participation from spouses or family of patients. When we 
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collect data from that group, we will have ensured demographic equivalency, and 

questions about variables such as age being possible confounds will disappear. 

The Influence of Individual Differences 

As noted earlier, CG Arena studies have only rarely, if ever, found reliable sex 

differences. We again do not find such differences in the current series of studies. 

Nonetheless, we cannot ignore the fact that sex differences in tasks of spatial cognition 

are well established (Halpem, 1992), and have been found in VE tasks similar to the CG 

Arena (Astur et al., 1998; Gron et al., 2000; Sandstrom et al, 1998). At this point we 

have no explanation for the disparity of our results from others, but we do believe that 

there are factors that may increase the likelihood of greater sex differences (e.g., the 

interaction of the experimenter with the participant). 

Certainly, one subtlety not yet accounted for by investigators employing VE 

spatial navigation tasks involves the menstrual cycle. Spatial learning in rats varies across 

the estrous cycle (Frye, 1995; Warren & Juraska, 1997), and at least one recent 

investigation has noted variations in human cognitive performance across the menstrual 

cycle (Epting & Overman, 1998). Whether female performance in VE spatial navigation 

tasks fluctuates across the menstrual cycle remains an open question. 

Waller (2000) takes a different approach to the question of individual differences 

in VE-based task performance. Based on the results of a multivariate study, he suggests 

that the relationship of sex to performance on VE-based tasks is mediated by general 

spatial ability and by proficiency in manipulating VE interfaces. Again, these sources of 

individual differences have not yet been fully explored by researchers employing VE 
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spatial cognition and navigation tasks. Certainly, if we had better, more established 

means to explore individual differences, the relatively poor performance of some 

individuals (e.g., participant P3 in Study 5 of the current series) might be more easily 

explained. 

The Role of the Parietal Cortex in Spatial Cognition 

There is no doubt that the hippocampal formation plays a crucial role in the 

mental representation of space. It is not the only brain region that represents space, 

however. For many years, behavioral and neuropsychological studies in humans indicated 

that the parietal cortex is central to the construction of multiple spatial reference frames 

used to guide behavior. For example, patients with lesions of the parietal lobe show a 

variety of spatial deficits, the most striking of which is neglect (the tendency to ignore 

objects in the hemi-space contralateral to the lesion). Bisiach and Vallar (1988) and 

Heilman, Watson, and Valenstein (1993) provide comprehensive reviews of this 

literature. This behavioral and neuropsychological literature is now combined with a 

growing neuroscience literature that details the processes by which different areas of 

parietal cortex provide for multiple egocentric representations of space (for a review, see 

Colby & Goldberg, 1999). 

An integration of the hippocampal literature on mental representation of 

allocentric space with the parietal literature on mental representation of egocentric space 

appears in recent work by Burgess, Jeffrey, and O'Keefe (1999b) and Burgess and 

colleagues (2001). hi the latter article, the authors present neuroimaging data consistent 
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with the argument that hippocampal and parietal regions have complementary roles in 

spatial memory. 

This argument holds that the representations of location found in posterior parietal 

regions, especially, complement those found in hippocampal and parahippocampal 

regions. More specifically, allocentric representations are found in the hippocampal 

formation and in the parahippocampus. The long-term storage of spatial information 

takes place in these regions, and this proves particularly useful for spatial navigation over 

long periods of time, when the animal will generally have moved before recall. In 

contrast, egocentric representations are found in the parietal cortex, and short-term 

memory, including the working memory required for imagery and action, makes use of 

these representations (Burgess et al., 2001). 

Overall, then, it appears that both medial temporal and posterior parietal lobes 

play a role in the retrieval of spatial context, but that spatial navigation by means of 

cognitive mapping is centered on the right hippocampal formation. The current trend 

toward an integrated temporal-parietal literature on the mental representation of space 

will, we hope, lead to neuropsychology and neuroscience studies that directly compare 

the performance of patients with discrete parietal lobe damage with that of patients with 

discrete temporal lobe damage. Such studies should use both standardized tests of spatial 

ability and experimental tasks, such as the CG Arena, to characterize specific deficits that 

emerge from damage to regions of the temporoparietal network serving spatial abilities in 

humans. 
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APPENDIX A: UFCEP 

The University of Florida Comprehensive Epilepsy Program (UFCEP) is a 

multidisciplinary clinical initiative based in the University of Florida Health Science 

Center. Patients in the UFCEP experience various forms of intractable epilepsy, the most 

common of which is complex partial epilepsy of temporal lobe origin. The overall goal of 

the program is to determine if each patient is a surgical candidate by ascertaining (a) 

whether the patient has a focal point for his epilepsy, and whether (b) that focal point can 

be resected without imposing vmdue medical risk or inducing neurocognitive disability. 

The seizure disorders experienced by UFCEP patients have a variety of etiologies, 

including mesial temporal sclerosis, post-infectious processes, trauma, neoplasms, 

vascular malformations (e.g., cavernous angioma), and developmental anomalies (e.g., 

cortical dysplasia and schizencephaly). The largest single sub-population consists of 

patients with multiple febrile seizures, early seizure onset, and unilateral hippocampal 

sclerosis. The population is evenly divided between those whose seizure onset is in the 

language dominant hemisphere and those whose seizure onset is in the language 

nondominant hemisphere. 

As of Fall 2001, there were approximately 420 patients in the surgical epilepsy 

database. About 320 of these were individuals who had undergone, or who were being 

considered for, anterior temporal lobectomy. The larger patient population had an 

average age of 29.7 years (range = 4-69 years), an average education of 12.1 years, and 

a mean IQ in the average range. Approximately 6% of the surgical epilepsy population is 

African-American, and 3% are of Asian/Pacific Rim descent. The remainder is 
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Caucasian. Fifty-six percent of the presurgical population is female. The average age of 

recurrent seizure onset was 11.5 years, and the average duration of recurrent seizure 

activity was 23.7 years (range = 4-53 years). With regard to surgery outcome, only 16 

patients experienced recurrent post-operative seizures, with duration of follow-up ranging 

between 3 months and 60 months (average = 31.1 months). (These statistics provided 

courtesy of S. Roper, personal communication, October 12,2001, and R. Bauer, personal 

communication, July 30, 2002). 

There are three possible phases of patient involvement in the CEP: Phase I 

(noninvasive monitoring), Phase II (invasive monitoring from implanted grid, strip, or 

depth electrodes), and Phase III (resective surgery). Some patients with clearly defined 

epileptogenic foci move directly from Phase I to Phase III (these patients are called 

"skip" patients, because they skip Phase II). 

Phase I 

In the course of their workup, patients undergo a series of electrophysiological, 

anatomical, and neurocognitive studies designed to ascertain the presence and location of 

a seizure focus. All patients undergo continuous video electroencephalogram (EEG) 

monitoring on an inpatient basis to document behavioral and electrographic 

characteristics of seizure onset. In most patients, a standard 16-electrode montage with 

the additional placement of nasopharyngeal leads is used. Data are digitized and stored 

for later analysis and interpretation by a board-certified neurologist. 

Additionally, all subjects undergo a structural imaging protocol specifically 

designed to allow quantitative and qualitative analyses of medial temporal lobe 
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structures. The 3-D gradient echo scan (MP RAGE) is conducted according to the 

following parameters: TR = 10 ms, TE = 4 ms, 10-degree flip angle, matrix = 130 x 256, 

160 mm volume, section thickness = 1.25 to 1.40 mm. This protocol produces a gap less 

series of high quality images that can be reformatted into any plane of view. During 

hippocampal measurement, a technician outlines each hippocampus on every image that 

it appeared in the sagittal plane. Volumes are then calculated by (a) multiplying 

hippocampal area for each scan by its section thickness, and then (b) adding together the 

scan volumes for the entire hippocampus. Final volumes are expressed in cubic 

centimeters. 

Patients also undergo extensive neurocognitive evaluation during Phase I. The 

evaluation typically consists of the following standardized tests: Wechsler Adult 

Intelligence Test - Third Edition (WAIS-III), Wechsler Memory Scale - Revised (WMS-

R; selected subtests) or Wechsler Memory Scale - Third Edition (WMS-lII; selected 

subtests), California Verbal Learning Test - Second Edition (CVLT-II), Rey-Osterreith 

Complex Figure Test, Boston Naming Test - Second Edition, Controlled Oral Word 

Association Test, Benton Test of Facial Recognition, Benton Judgment of Line 

Orientation test. Trail Making Test, Wisconsin Card Sorting Test, Luria Motor 

Examination (Contrasting Motor Programmes and Go No-Go paradigms), Finger 

Tapping Test, Grooved Pegboard test, Minnesota Multiphasic Personality Inventory - 2 

(MMPI-2), and Quality of Life in Epilepsy - 31-item form (QOLIE-31). 

Subjects also undergo Wada testing for language and memory support using 

sodium brevital, a fast-acting barbiturate that allows for multiple probes during the same 



112 

testing session. Typically, the approach is through the right and left intracarotid artery. 

PC A injection, which produces a more selective disruption of memory, is occasionally 

performed. 

Phase II 

If Phase I evaluation does not reveal a clearly lateralized seizure focus, the patient 

may be recommended for invasive monitoring. Two general types of invasive monitoring 

are conducted: (a) grid/strip placement for surface recording, or (b) depth electrodes 

placed in the hippocampus for deep brain recording. Grid or strip electrode placements 

are made in either unilateral or bilateral fashion, and frequently involve lateral temporal, 

lateral frontal, mesial frontal, or inferotemporal surface. 

During Phase II, electrical stimulation mapping of eloquent cortex is frequently 

conducted. If Phase II recording discloses clear focal onset, then the patient is taken to 

the operating room, the recording devices are removed, and the surgical intervention is 

conducted. 

Phase III 

If the patient is sent to surgery, resected tissue is subject to analysis using 

standard staining and cell-counting techniques. Specimens are derived from en bloc 

mesial temporal resections. Alternate sections are evaluated using cresyl violet and 

Timm's staining. Using cresyl-violet staining, each subfield of the hippocampal 

formation (CAl, CA2, CAS, hilar, dentate gyrus, subiculum) is evaluated for neuronal 

dropout and rated on a semi-quantitative scale (0 = normal tissue; 1 = mild cell loss; 2 = 

> 50% cell loss; 3 = few neurons visible; 4 = complete neuronal dropout). Timm's 
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staining in the IML of the dentate gyrus is rated on a 3-point scale (1 = mild staining; 2 = 

moderate staining; 3 = severe staining). 

After Surgerv 

The patient is followed closely after surgery, remaining in hospital for about 7 

days, and returning for follow-up visits. The usual visit schedule is biweekly for the first 

month, then monthly for the first 3 months, then every 3 months for the first year, and 

then every 6 months until 3 years have elapsed since surgery. More frequent visits are 

scheduled if the patient's medical condition warrants them. 

After surgery, MRI and neuropsychological testing are always performed. The 

latter occurs 6 months after initial hospital discharge. Other testing (e.g., EEG) is 

conducted if the patient's condition warrants. 



APPENDIX B: OBJECT RECOGNITION TASK (ORT) 

ORT Stimulus Mater i a l  ( S t u d y  1 .  S t u d y  2 ,  S t u d y  3 .  a n d  S t u d y  5 )  
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Figure 12. ORT Presentation Sheet 

An example of the sheet presented to participants as they began to complete the Object 
Recognition Task. 
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ORT Answer Sheet (All studies) 

Circle "yes" if the item was in the experimental room. Circle "no" if the item was 

not in the experimental room. 

Next to each answer, circle the number corresponding to how confident you are of 

your answer (-3 = not at all confident, +3 = very confident). 

Item Number Confidence Ratine 

1. Yes No -3 -2 0 +1 +2 +3 

2. Yes No -3 -2 0 +1 +2 +3 

3. Yes No -3 -2 0 +1 +2 +3 

4. Yes No -3 -2 0 +1 +2 +3 

5. Yes No -3 -2 0 +1 +2 +3 

6. Yes No -3 -2 0 +1 +2 +3 

7. Yes No -3 -2 0 +1 +2 +3 

8. Yes No -3 -2 0 +1 +2 +3 

9. Yes No -3 -2 0 +1 +2 +3 

10. Yes No -3 -2 0 +1 +2 +3 

11. Yes No -3 -2 0 +1 +2 +3 

12. Yes No -3 -2 0 +1 +2 +3 

13. Yes No -3 -2 0 +1 +2 +3 

14. Yes No -3 -2 0 +1 +2 +3 

15. Yes No -3 -2 0 +1 +2 +3 

16. Yes No -3 -2 0 +1 +2 +3 
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APPENDIX C: THE ARENA RECONSTITUTION TASK (ART) 

ART Answer Sheet 

j 

0 
Figure 13. ART Answer Sheet 

An example of the sheet presented to participants as they began to complete the Arena 
Reconstitution Task. 
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ART Scoring Sheet (Study 1) 

1. Walls in correct configuration 

2. All 8 item icons used 

3. Item 3 alone on a wall 

4. Item 3 on square textured wall 

5. Item 7 alone on a wall 

6. Item 7 on striped wall 

7. Item 5 on plain wall 

8. Item 1 on plain wall 

9. Item 6 on plain wall 

10. Items 5-1-6 together on a wall 

11. Items 5-1-6 together on plain wall 

12. Items 5-1 -6 in correct order on a wall 

13. Items 5-1 -6 in correct order on plain wall 

14. Item 4 on plain wall 

15. Item 2 on plain wall 

16. Item 8 on plain wall 

17. Items 4-2-8 together on a wall 

18. Items 4-2-8 together on plain wall 

19. Items 4-2-8 in correct order on a wall 

20. Items 4-2-8 in correct order on plain wall 
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ART Scoring Sheet (Study 2. Study 3. and Study 5) 

1. Walls in correct configuration 

2. All 8 item icons used 

3. Item 6 on a textured wall 

4. Item 6 on square textured wall 

5. Item 6 alone on a wall 

6. Item 6 alone on square textured wall 

7. Item 5 on a textured wall 

8. Item 5 on striped wall 

9. Item 5 alone on a wall 

10. Item 5 alone on striped wall 

11. Item 1 on plain wall 

12. Item 7 on plain wall 

13. Item 8 on plain wall 

14. Two of 1-7-8 together on a wall 

15. Two of 1 -7-8 together on a plain wall 

16. Items 1-7-8 together on a wall 

17. Items 1-7-8 together on a plain wall 

18. Items 1 -7-8 in correct order on a wall 

19. Items 1-7-8 in correct order on a plain wall 

20. Item 3 on plain wall 

21. Item 2 on plain wall 

22. Item 4 on plain wall 

23. Two of 3-2-4 together on a wall 

24. Two of 3-2-4 together on a plain wall 

25. Items 3-2-4 together on a wall 

26. Items 3-2-4 together on a plain wall 

27. Items 3-2-4 in correct order on a wall 

28. Items 3-2-4 in correct order on plain wall 
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ART Scoring Sheet (Study 4) 

Wall Relations 

1. Walls placed inside rectangles 

2. Objects placed on walls 

3. Textured walls opposite each other 

4. Door wall opposite windows wall 

5. Door vertical 

6. Door wall and square textured wall form NW comer 

7. All 4 walls in correct configuration (ignore vertical door) 

TOTAL •/? 

Item Grouping 

1. 3 small windows on one wall anywhere on sheet 

2. 2 small windows & door on one wall anywhere on sheet 

3. 1 large window anywhere on sheet 

4. 1 large window anywhere on sheet 

5. 3 small windows on any light gray wall (exact) 

6. 2 small windows & door on light gray wall (exact) 

7. 1 large window on square textured wall (exact) 

8. 1 large window on dark gray wall (exact) 

TOTAL D/S 
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APPENDIX D: NO GROUP DIFFERENCES ON VISIBLE TARGET TRIALS 

The question may arise as to whether the CG Arena deficits displayed by various 

groups (e.g., older adults and patients with damage to particular brain regions) merely 

reflect a general discomfort felt by participants in those groups in the VE, rather than true 

place learning/cognitive mapping deficits. In previous CG Arena studies comparing the 

performance of younger adults with that of older adults, we answered this question by 

showing there are no significant group differences on trials featuring a visible target 

(Laurance et al., 2002; Thomas et al., 1999). 

We follow the same strategy here by analyzing the data from all patients in Study 

3 and in Study 5 who were administered a set of standardized practice trials. Thus, the 

relevant data fi-om participants in Group LATL from Study 3 were combined with those 

fi-om Group LATL from Study 5. The same applies to Group RATL from Study 3 and 

Group RATL from Study 5. The combined Group LATL comprised 7 patients (2 males 

and 5 females), and the combined Group RATL comprised 7 patients (4 males and 3 

females). 

The participants in the combined Group LATL were between 27 and 46 years of 

age (M = 35.71; ^ = 7.67); they had an average of 13.86 years of education (SD = 

3.24). The participants in the combined Group RATL were between 35 and 52 years of 

age (M = 40.57; SD = 7.00); they had an average of 14.14 years of education (SD = 

1.77). Independent-samples t-tests found no significant group differences on these 

demographic variables. 
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Figure 14 illustrates the average length of the path participants in each group took 

to the visible target on each of the three practice trials. A repeated measures ANOVA 

conducted on these data detected a significant main effect of trials, F(2, 24) = 22.93, but 

no significant main effect of group or group x trials interaction. This pattern of data is 

explained by the fact that, in both groups, path length increases substantially from trial 1 

to trial 2. The reason for this increase in path length is shown in Figure 15, which 

illustrates search paths for four representative participants (P315 and P503 from the 

combined Group LATL, and P505 and P506 from the combined Group RATL). As can 

be seen in the figure, the target is much closer to the starting location on trial 1 than on 

the other two trials. Nonetheless, participants in both groups take direct paths to the target 

on each trial. 

The figures and data analyses presented here, then, confirm that participants in 

both groups have no difficulty locating a visible target and taking a direct path toward it. 

Therefore, any differences between patient groups found in either Study 3 or Study 5 

cannot be attributed to the fact that participants in one group generally perform better on 

computer-based tasks than do participants in the other group. 
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Figure 14. Performance on Practice Trials 

Mean path length (in CG Arena units) participants in combined patient groups from 
Study 3 and Study 5 took to the visible target on the set of standardized practice trials. 
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Figure 15. Search Paths on Practice Trials 

The search paths taken by representative patients with unilateral language dominant ATL 
(P315, P503) and with unilateral language nondominant ATL (P505, P506) on the set of 
standardized practice trials. 
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FOOTNOTES 

'Throughout this paper, we follow Amaral (1993) and define the hippocampal 
formation as including the CA fields of the hippocampus proper, the dentate gyrus, the 
subiculzir complex, and the entorhinal cortex. 

^To download the CG Arena software package, and to view a real-time video and 
figures illustrating the computer-generated space, please visit 
http://w3.arizona.edu/~arg/data.html. Complete specifications of hardware and software 
required to run the CG Arena are provided at the website listed above. 

-3 
The CG Arena room, target, and motion variables outlined in Table 1, and the 

CG Arena trial parameters outlined in Tables 2, 4, 6, and 7, can be easily manipulated 
through a user interface (the Experiment Editor program that comes as part of the CG 
Arena software package). In other words, specifying, for example, the dimensions of CG 
Arena rooms, the size, location, and condition of the target (visible, invisible, or absent), 
and the number of trials, does not require any knowledge of C++ (the language in which 
the source code of the CG Arena software was written) or of any other programming 
language. 

'^Li Study 4, we used an experimental room with slightly different characteristics. 
The only differences were these: the North wall was colored plain light gray and 
displayed a representation of two windows flanking a door; the East wall was colored 
plain light gray, was covered with black stripes, and displayed, at its center, a 
representation of a large window; the South wall was colored plain light gray and 
displayed a representation of three small windows equidistant fi'om one another; and the 
West wall was textured with small boxes and displayed, at its center, a representation of a 
large window. We are confident in our assertion that this arrangement of distal cues 
presents a task that is of the same difficulty as if the task were presented with the 
arrangement of distal cues used in the other studies: Unpublished data from our 
laboratory suggest that experimental rooms with different arrangements of distal cues 
simply present tasks that are parallel forms of each other (Morales,. 

^The Experiment Editor user interface can also be used to change the appearance 
of CG Arena rooms. For example, one can change the textures of the walls, floor, and 
ceiling, and, with access to graphic design or image editing software, one can mount 
almost any landmark, picture, or scene on the walls. To download several different 
examples of CG experimental rooms, please visit http://w3.arizona.edu/~arg/data.html. 

^Please visit http://w3.arizona.edu/~arg/papers/place3.html to see a copy of the 
ART instructions given to participants and to see a diagram showing how the task is 
presented to participants. 

^The first data file is created in a format that allows it to be easily imported into 
standard spreadsheet and data analysis software programs. The second data file can be 

http://w3.arizona.edu/~arg/data.html
http://w3.arizona.edu/~arg/data.html
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accessed using the Experiment Viewer program that comes as part of the CG Arena 
software package, and easily exports in a format compatible with standard graphic design 
and image editing software. 

0 
The participants were administered additional experimental procedures before 

the end of the testing phase. These procedures are not relevant to the focus of the current 
study, and did not affect the current results, and so are not discussed here. 

^Data collected in our laboratory suggest that ART performance reaches ceiling 
levels for most participants after a fourth observational learning trial (Lopez, 2002). 

^'^As noted earlier, cerebral speech/language dominance was determined by a pre-
surgery Wada test. All of the patients in this study were found to have left hemisphere 
language dominance. 

''art data from one participant in Group RATL (a 55-year-old male) were not 
collected due to experimenter error. 

1 9 
Pre-surgery Wada testmg determined that all of the patients in this study had left 

hemisphere language dominance. 

1 
A repeated measures ANOVA comparing these participants' path lengths to the 

target on the first trial of Bout Three to that on the last trial of Bout Two detected no 
significant difference. 

'"'Participant P3, though performing very well during Bout One, appeared to have 
significant difficulty locating the target on the rest of the acquisition trials. Possible 
explanations for this pattern of performance, and wider implications of individual 
differences in performance, are examined in the General Discussion. 
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