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Attention Accesses Multiple Reference Frames:
Evidence From Visual Neglect
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Research with normal participants has demonstrated that mechanisms of selective attention
can simultaneously gain access to internal representations of spatial information defined with
respect to both location- and object-based frames of reference The present study demonstrates
that patients with unilateral spatial neglect following a right-hemisphere lesion are poorer at
detecting information on the contralateral left side in both location- and object-based spatial
coordinates simultanecuslty. Moreover, the extent of the neglect is modulated by the
probability of a target’s appearing in either reference frame; as the probability of sampling a
target in a particular frame of reference increases, so does the severity of negiect in that frame.
These findings suggest that attention can be flexibly and strategically assigned to a reference
frame depending on the contingencies of the task,

The medium on which selective attention mechanisms

“function has been vigorously debated. A dominant view has
"“been that this medium is a spatial map of the environment
“that is internally represented. Attention is viewed as a
~spotlight (Broadbent, 1982; Posner, 1980) or zoom lens
* (Briksen & Schultz, 1979) that moves over this spatial map,
* facilitating the processing of stimuli within its beam (for a
“recent review, see Egeth & Yantis, 1997). An alternative,
“more recent account is that an object-based frame of
: reference may be accessed by selective attention systems
“(Duncan, 1984; Kahneman & Treisman, 1984), and consid-
- erable ernpirical evidence now exists favoring this perspec-
! tive (e.g, Baylis & Driver, 1993; Behrmann, Zemel, &
= Mozer, 1998; Kramer & Jacobson, 1991; Kramer & Watson,
1996; Kramer, Weber, & Watson, 1997; Lavie & Driver,
+1996; Moore, Yantis, & Vaughan, 1998; Reuter-Lorenz,
- Drain, & Hardy-Morais, 1996; Weber, Kramer, & Miller,
- 1997), The motivation behind this alternative proposal arises
from considerations about what functions attention has
" evolved to serve. Thus, attention appears to be a mechanism
“that selects a salient item from the essentially parallel visual
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perceptual system in the service of the serial motor system.
Through the operation of such a mechanism, action may be
directed toward one of the many objects that potentially
evoke a response (for a discussion, see Tipper & Weaver,
1998). According to this account, selective attention is
crucial for coherent goal-directed behavior that is directed
toward particular objects at appropriate times (Tipper,
Weaver, & Houghton, 1994).

The evidence that attention is not simply determined by
the spatial relationships between stimuli, as a purely spatial
model would predict, has come from a number of studies.
For example, B. A. Eriksen and Eriksen (1974) showed that
ignored distractor letters impaired responses to targets at
fixation only when they were within 1° of the target. Such a
result supports the notion that the zoom lens of attention has
a limited resolution on the spatial map, However, several
studies have shown that when objects were grouped together
by common mation, interference could be produced even
when the distractors were spatially distant from the target
(Baylis & Driver, 1992; Driver & Baylis, 1989). Clearly,
such a result cannot be explained within a framework in
which a limited-resolution attention mechanism simply
accesses @& spatial map; on the contrary, “higher” level
object grouping is determining the performance of the
selective attention system (see also Baylis & Driver, 1993;
Kramer & Jacobson, 1991; Stuart, Maruff, & Currie, 1997},

Initially it was suggested that object-based frames might
suffice as the medium of attention (Tipper, Driver, &
Weaver, 1991} However, a consideration of perceptual
processes makes this claim unlikely. As I. J. Gibson (1979)
made clear, objects are not perceived in free-floating isola-
tion; rather, the perception of object motion (Duncker, 1929;
Wailach, 1959), location (Matin, Picoult, Stevens, Edwards,
& MacArthur, 1982), and depth (see Goldstein, 1996, for a
review) is determined by a background environmental.

context or frame. Subsequent work has indeed demonstrated.

that mechanisms of attention, such as inhibition, can act on.
both spatial (or environmental context) and object-based__
frames of reference simultaneously. For example when an:
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object is cued, processing of subsequent information can be
inhibited, a phenomenon referred to as inhibition of return
(Abrams & Dobkin, 1994; Posner & Cohen, 1984), If an
object that is initially cued then moves {0 a new location, the
inhibition moves with the object, thus supporting the notion
of object-based inhibition mechanisms (Tipper et al., 1991}
It is important to note, however, that processing of informa-
tion at the location initially cued is also impaired indepen-
dently of subsequent object motion, which supports the idea
of location-based inhibition mechanisms (B. § Gibson &
Egeth, 1994; Tipper, Weaver, Jerreat, & Burak, 1994;
Umilta, Castiello, Fontana, & Vestri, 1995).
Support for both spatial and object-based frames of
reference has also been obtained from studies of patients
with unilateral neglect caused by brain lesions. These
individuals neglect information presented in the space
contralateral to the side of the lesion, such that, for example,
stimuli on the left side of space are neglected following
lesions to the right parietal lobe. Information on the left side
of an object, however, may also be neglected by these
patients (Behrmann & Moscovitch, 1994; Buxbaum, Cos-
lett, Montgomery, & Farah, 1996; Caramazza & Hillis,
1990a, 1990b; Driver, Baylis, Goodrich, & Rafal, 1994;
Driver & Halligan, 1991; Hillis & Caramazza, 1995; Hillis,
Rapp, Benzing, & Caramazza, 1998) For example, in
previous studies (Behrmann & Tipper, 1994; Tipper &
Behrmann, 1996), we demonstrated that after patients ini-
tially viewed an object (a barbell}, which then rotated slowly
for 180°, the neglect that was associated with the left side of
the object accompanied the object to its new location. This
was revealed by impaired detection of targets that appeared
on the left of the object, which now occupied a position on
the right side of space, and improved target detection on the
right of the object, which was now on the left side of space.
It is important to note that this left-right spatial reversal of
neglect was observed only when the left and right sides of
the object were explicitly connected by a bar such that one
coherent object was perceived. When two separate circles
were presented on opposite sides of the screen, rotation had
Little effect on neglect, and the neglect remained on the left
side of space.! Although performance in response to left-
sided targets was facilitated with object rotation, it is
important {o note that in some participants, target detection
on the left was still generally worse than detection on the
right, or ipsilesional, side. An inference that could be drawn
is that the simultaneous presence of both location- and
object-centered neglect yields the overall slower perfor-

I It is this latter result that motivates our use of object-centered
and Jocation- or space-based frames of reference. Other reference
frames have been described. For instance, scene-based (Baylis &
Driver, 1993) or between-objects frames (Humphreys & Riddoch,
1995) describe the relationships between different objects. Because
neglect was unaffected hy the rotation of the unconnected objects in
a scene-based frame, we suggested (Behrmann & Tipper, 1994,
Tipper & Behrmann, 1996) that neglect was determined simply by
spatial coordinates. Only when a single object was visible did
neglect move with the rotation object, which supports the notion of
an object-centered frame

mance on the left that is then modulated by the object
representation in the moving condition. In these data, the
existence of two frames of reference was not directly
observed but rather was indirectly inferred as a way of
explaining the interaction in the complex pattern of data
More direct evidence for the simultaneous operation of
two frames of reference comes from studies by Humphreys
and Riddoch (1994, 1995). They described a patient who
produces neglect explicitly in both spatial and object-based
coordinates depending on the task. When identifying indi-
vidual letters of a four-letter word, the patient neglected the
right side, but when naming the word, he neglected its left
side. Because this patient had lesions to both the right frontal
and left parietal-temporal regions, it is reasonable to sur-
mise that these neural structures mediated the left object-

based and right space-based neglect, respectively (for simi- B
tar findings with normal and brain-damaged participants and -

for a similar theoretical proposal, see Egly, Driver, & Rafal,
1994; and Egly, Rafal, Driver, & Starrveld, 1994). Other
work, however, has shown neglect for stimuli on both the
left and the right, even in patients with a unilaterat lesion

(Costello & Warrington, 1987, Cubelli, Nichelli, Bonito, -

Tanti, & Inzhagi, 1991; Riddoch, Humphreys, Luckhurst,
Burroughs, & Bateman, 1995). This observation is crucial
for our current purposes because it demonstrates that a

hilateral lesion is not necessary to produce neglect concur- -

rently in two frames of reference.
An important feature of these neglect studies is that the
two frames of reference in which neglect is observed either

are inferred indirectly via the interpretation of complex: -
interactions in the data pattern or are largely determined by -
task demands. In the latter case, object-based neglect is -
observed when participants engage attention on a single

object, and location-based neglect is obtained when the task
requires attention to move between objects. However, what

has not been demonstrated is whether both spatial and

object-centered neglect can be directly observed simulta-

neously in the same task in patients with unilateral lesions. If -
this can be demonstrated, it would provide support for the-

view that spatial information is coded in more than one

reference frame and that, following brain damage, the.

attentional deficit may manifest in these different representa-
tions simultaneously.

The present investigation is based on the Behrmann and

Tipper (1994) and Tipper and Behrmann (1996) findings

First, we replicate the lefi-right modulation of neglect by
object-centered representations by probing the left and right:

circles of the barbell In addition, we adopt a furthe
manipulation in which targets can appear on static square
objects that remain stationary on the left and right sides o
the display (see Figure 1). These static objects provide
stable background, demarcating the left and right of

Jocation-based frame of reference. If both spatial and
object-centered neglect can be observed simultaneously:
then we predict that the left of the static object will be:

neglected while the left of the moving barbell object will be
neglected. In this latter case, this means that, after 180° 0

rotation of the barbell, detection of targets will be worse on:

the right of space Thus, in terms of the side of space, W

A. Static

Preview Probe
Left Right

. Location

. Qbject
B. Moying
Preview Probe
Left Right
Location
Object

: "Figure 1. Schematic representation of (A} static and (B) moving

: d?splay conditions with target probe shown in both the squares and
circles as a function of side of space,

predict the following counterintuitive results: Targets that
appear on the left of the static square stimuli will be poorly
detected, but targets will be much better detected in the
tircle on the right of the rotating barbell stimulus whose final
chus is on the left, just adjacent to the static square stimulus
e, the facilitation afforded by the object-centered represen-
tation). In contrast, detection will be relatively good on the
static square stimulus on the right side of space and
:el_atweiy poor in the left circle of the rotating object whose
ﬁnal ¥e_sting focus is also on the right side of space {i.e., the
inhibition afforded by the object-centered representation).
_I__‘I_a_nce, detection of targets that are spatially adjacent in the
same hemifield will vary because they are represented and
§3glected in different frames of reference (location- and
object-centered).

'{\Ethough we have explicitly defined what constitutes an
Qb_JEgt-centered frame in this particular paradigm in that the
m!c_ilme of the barbell determines what is to its right and left

actly what constitutes the alternative, “location” refer:
ence frame is somewhat more ambiguous. In the context of
W‘S_Pafac‘ligm, for most of the patients for whom the visual
gll'iesc_mtam.)n is fov_eal and the midline of the viewer is
ffai?ea with Ehe midline of the display, the location-based
oy e could refer to a set of allocentric coordinates centered

tHer on the scene or on the environment (Kahneman &
€lsman, 1984; Treisman, 1992) or could even refer to what
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some have called a “stimulus-centered frame” (Hillis &
Caramazza, 1995). Alternatively, left and right can be
defined with respect to a set of egocentric coordinates
cegtcrgd on the viewer, with the midline determined by the
axis of the eye, head, or trunk (Karnath, Schenkel, & Fisher
1991). Given that both the scene-based and viewerubaseci
frames are clearly important in influencing behavior (Bisi-
ach, Capitani, & Porta, 1985; Farah, Brunn, Wong, Wallace
& Carpenter, 1990; Ladavas, 1987), distinguishing thé
mdiv_idual contribution of these two reference frames is
certainly worthy of future work, For the present purposes,
however, our poal was to determine whether neglect can

co-oceur in multiple reference frames, one of which is
object-centered.

Experiment 1

Our purpose in this first experiment was to examine
whether spatial information can be represented in more than
one frame of reference simultaneously. If this is the case,
responses 1o targets on the contralesional side defined with
respect to each of the two different frames should be
impaired in patients with neglect. Specifically, this would
mean that targets on the left of the location-based frame
would be more poorly detected than those on the right.
Concurrently, targets on the left of the object-based frame,
which now fall on the right side of space, will be more
poarly detected than those on the right, which fall on the left
side of space.

Method

~Obsen1ers The experimental group consisted of 8 patients
wzih. left unilateral visval neglect sustained following a right-
hemisphere lesion While right-sided neglect can occur following
teft-hemisphere lesions, it is less common, less severe, and less
long-lasting (Bisiach & Vallar, 1988); because all of our partici-
pants showed left-sided neglect, we refer to the left as the
cenl:ra:iateral side throughout this article All patients consented to
participate. Two were excluded from the sample because they
failed to show the crucial object-based effect, that is, the interaction
between the barbell condition (moving vs. static) and the side of
space on which the target appeared® We made evidence of this
pattern a precondition for participant inclusion in the study so that
we could investigate object-based neglect along with other forms
of neglect.

The remaining 6 neuropsychological patients {one of whom,
R. H, had participated in one of our previous studies) were all
right-handed and had lesions that involved the right parietal lobe,
alt%mugh. as is wsually the case, the lesion implicated a number of
adjacent areas for many of the patients. Although we obtained CT

: We.have noted in our investigations that approximately 20% of
thfz patients do not show the object-centered effect. Exactly why
this is so remains unclear to us and is the subject of current
research. It is possible that the object-based spatial representation is
somewhat weaker or less dominant. Alternatively, it may be that
not every patient shows object-centered reglect because there is
additional support from the intact ventral system for this type of
representation, making it more resistant to the effects of brain
damage.
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scan and radiology reports for all patients to determine the site of
their lesions, it was not possible to obtain the images in all cases
Figure 2 shows the CT scans for 2 of the patients, R. B. (Patient 3;
top panels) and J. T (Patient 5; bottom panels), although these
lesion sites are fairly representative of the lesions for most of the
other patients too. R B, suffered a postoperative right parietal—
occipital hemorrhage following resection of a right arteriovenous
malformation. The scans show both the hemorrhage as well as the
presence of surgical clips and an overlying craniotomy defect I. T
suffered a right temporai-parietal middle cerebral artery infarction
folowing the clipping of an aneurysm, and evidence of the
infarction and surgical clip can be seen on the {T scans

Two of the patients, Patients 4 and 5, had visual field defects, and
for them, the displays were presented entirely in their intact visual
field. Because neglect is not a sensory deficit, even when informa-

tion is presented solely in the intact visual field, information on the
refative left is processed less well than that on the relative right:

{D’Erme, Robertson, Bartolomeo, Daniele, & Gainotti, 1992
Ladavas, Petronio, & Umiltd, 1950).

The diagnosis of neglect was made on the basis of a standardized
battery of bedside examinations that included spontaneous drawing "
of a clock and a daisy, a line cancellation task (a modified version. :

of Albert’s, 1973, line cancellation 1ask), a figure cancellation test,

the Bells test (Gauthier, Dehaut, & Joanette, 1989}, and a line
bisection task. A score was assigned for each subtest which:
reflected the degree of neglect relative to the performance of a-:

group of age-matched normal control participants. A total neglec
score, cumulative aeross all the screening tests, was then calculated

(Black et al, 1994, Black, Vu, Martin, & Szalai, 199G) The .
cumulative maximum neglect score based on these four tests was ;.

Figure 2. Two slices from CT scans obtained for Patierts R B (A)and J T (B). R B’s scans
reveal a postoperative right parietal-occipital hemorrhage and an overlying craniotomy defect J. T7s
scans reveal a right temporal-parietal middle cerebral antery infarction Surgical clips are evident in

both patients’ scans.
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100, with & score of 6 or greater being classified as neglect and
higher scores denoting increased severity: Scores over 75 indicate
severe neglect, scores below 30 indicate mild neglect, and those in
petween indicate moderate neglect All patients obtained 2 gcore
greater than 25. Table 1 presents the biographical data, lesion
information, and neglect scores for the 6 patients. Examples of the
feft-sided neglect performance of some of the patients on a variety
of these neglect screening tests are presented in Figure 3.

A control group consisting of 6 right-handed elderly control
participants, all of whom consented to participate, was recruited
from the community through an outreach program run by the
Academy for Lifelong Learning at Camnegie Mellon University.
Participants were matched pairwise to the 6 patients on age and
gender All control participants were right-handed, none had a
previous history of neurological disease, and none scored higher
than 6 on the diagnostic tests of neglect The mean age of the
control participants was 65 years (range = 58-69 years), not

significantly different from that of the patients, F(1, 10) = L7, ns.

Stimuli Two black-bordered circles, 2.1 cm in diameter and

" subtending 2 visual angle of 3° appeared on a computer screen.

They were connected by a solid bar, which made the entire object

" resemble a barbell. One circle was colored blue and one was
* golored red. The two different colors were necessary to disambigu-
- ate the left and right sides of the object, and the sides on which the

blue and red circles appeared were consistent for each participant

© throughout the testing sessions and were counterbalanced across
_ participants. The distance between the nearest inner edges of the

circles was 7.2 em {10.3°). The length of the entire barbell was 11 4

“em (16.2%). In addition to this barbell, two gray squares, 2.1 cm?

- and subtending 3° of visual angle, were placed along the horizontal

- midline of the display, as depicted in Figure | The distance

" between the edges of the squares was 5.5 cm (7.9°). The target, a
single white circle, was 0 7 cm in diameter (1°).

Procedure  Stimulus presentation and response recording were
controlled by a Macintosh Powerbook 540C with a built-in 193 X
145 mm screen with 640 X 480 resolution. Participants were seated

- approximately 40 cm from the screen The phrase *Press start key”

appeared in the center of the screen before each trial. The

; experimenter pressed the key when the participant was ready and,
- immediately thereafier, the display appeared on the screen The

Table 1

joint barbell-square dispiays appeared in two conditions: with the
barbell either static or moving. The squares remained static in both
conditions.

In the static condition (see Figure 1A), the preview display was
presented, it remained stationary for 2,694 ms, and then, on two
thirds of the trials, the white probe appeared in either the left or
right circle of the barbel! or the left or right square, all with equal
probability but randomly ordered (the target-present trials). The
target and display remained on the screen together until a key was
pressed or for an additional 3 s if there was ro response. Qn the
remaining one third of the trials, no target appeared and the display
remained on the screen for a further 3 s before the trial was
terminated (the target-absent trials). Participants were instructed to
press a single, centrally placed key on a buttonbox as quickly and
accurately as possible when they detected the presence of the
target They were not to respond on target-absent trials Participants
responded with their dominant right hands Reaction time (RT) and
accuracy in detecting the target were measured. Omission and
commission errors were noted, and feedback consisting of an
auditory tone was provided to the participant on each trial when an
error of either kind accurred

In the moving condition (see Figure 1B), the preview display
appedred and remained stationary for 1 s with the barbell displaced
57.5° from horizontal The barbell then underwent a 115° rotation
(pivoting on the center of the bar), traversing 14 intermediate
positions {15 “jumps” of 7.66° each) and giving rise to the
perception of apparent motion. Each position was held for 121 ms,
for a total rotation time of 1,694 ms. The total time prior to the
appearance of the target was equivalent to that in the static
condition. The direction of rotation was randomized, with an equal
probability of clockwise and counterclockwise rotation When the
stimulus had completed the rotation and reached its *'end state,” on
the target-present trials, which constituted two thirds of the trials,
the target probe appeared randomly but with equal probability in
the left or right circle (now the left circle on the ipsilateral right side
and the right circle on the contralateral left side) or the left or right
square. The target remained on the screen until a response was
made or untl a further 3 s had elapsed. On the remaining,
target-absent, trials, the display remained on the screen for a further
3 s and then the trial was terminated. As is evident from Figure 1,

Biographical, Lesion, and Neglect Data for the 6 Experimental Participants

Patient no. and initials

i 2 3 4 5 6
Variable (RH)Y (Vb)Y ((RB) {JB) .17 I K}
Biographical
Age (in years) 63 T 64 63 58 81
Gender F F M M M M
Years of education 10 9 o 12 10 )
Lesion
Months postonset 20 4 31 2 3 14
Lesion site (CT scan) PTO P PO PO PT PT
Lesion type Aneurysm  Infarct  Aneurysm  Infarct Aneurysm  Infarct
Neglect scores
Line cancellation (left/right) 010 0/0 713 8/0 3/0 12/0
Figure cancellation (left/right) 6/0 11/G a/1 12/0 2310 1940
Bells test (left/center/right) 8/0/1 50412 11/1/% 11/3/1 et o
Line bisection (% deviation) 31 6 6 8 0 8
Total negiect scare 29 37 51 62 el —

Note F = female; M = male; P = parietal; T = temporal; O = occipital .
a) T and I K did not complete the Bells test, and so neither a score on that test nor a cumulative

neglect score could be calculated for them.
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Figure 3: Exarqples of neglect behavior on a subset of screening tests used to diagnose neglect: (a)
copy da1§y—Panent 1. B (b) copy clock—three consecutive attempts by Patient V. D.; (c) line
cancellation—Patient R. B. (note the multiple cancellation of lines on the ipsilesional right,
consistent with the strong attraction of ipsilesional items);, (d) Bells test (Gauthier et al,
1989)-Patient I K. Note the omission of contralesional left information in all cases.

‘side
(circ

the side of the display in which the target probe finaily appeared
was identical in the static and moving conditions. In the moving
conrdition, however, because of the rotation, the left of the barbell
was on the right of the space, and the right of the barbell was on the
left of the space. A comparison between the static and moving
conditions, therefore, allows one to determine the contribution of
the object frame to detection time in these patients with neglect.
Instructions for responding and feedback in the moving condition

were identical to those in the static condition, and RT and accuracy
of target detection were measured. :

Design.  The design of the experiment was a 2 X 2 %X 2 X 2
factorial with group (control or neglect) as a between-subjects
factor and position of target (in the circles of the barbell {circles/
object] or in the squares [squares/location]), side of space (left or
right), and condition {moving or static) as within-subject factors.
Participants performed 8 blocks of 60 trials, four in the static

ondition and four in the moving condition, for a total of 480 trials,
with block order counterbalanced across participants. Within each
1ock, there were 40 target-present trials, with an equal crossing of
of space on which the target appeared and shape of display
les vs. squares). Participants were given a break between
locks, and practice trials were given before the first block of each
£ the static and moving stimuli. RT analyses were performed only
n correct target-present trials. For the patients, RTs that exceeded
& mean by 2 SDs were removed. The median RT was used for the

- control participants All post hoc testing was done using Tukey's

ponestly significant difference tests with p < 05 A comparison of

“the RTs in the moving condition for clockwise compared with

ounterciockwise trials was conducted first. Because direction of

“rotation in the moving condition did not influence RTs significantly

a5 was also the case i our previous studies), the remaining

- analysts was collapsed across rotation direction.

' Results

" The central question addressed by these data is whether

neglect can occur for the left in location-based coordinates
(left vs. right square) concurrently with neglect in object-
" hased coordinates (left vs. right circle of the barbell). An
analysis of variance (ANOVA) with one between-subjects

ariable (group) and three within-subject variables (condi-
tion [static or moving], frame of display {square or circle},

“and target side [left or right]) was performed on the RT
- correct data. The findings revealed a significant four-way
© interaction indicating a difference in the performance of the
" two groups, F(1, 10) = 9.04, MSE = 3,817.6, p < .05. To
~ highlight these differences in performance across the groups,

A. Control subjocts

Circle (object coordinates)
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we describe the data for the two groups separately, and the
findings for each are plotted in Figure 4, The error rates were
1.3% and 2 8% for the control and neglect groups, respec-
tively, and they are too low to be subjected to statistical
analysis This low error rate is not surprising given that
exposure duration was sufficiently long for participants to
perform this simple target detection task.

Control participants were able to detect the target 9 ms
faster when it appeared in the squares than when it appeared
in the circles, F(1, 5) = 85, MSE = 1271, p < 05, with a
difference of 18 ms between the circle and the square in the
moving conditions and no difference between the circle and
the square in the static conditions, F(1, 5) = 97, MSE =
80.02, p < 05. No other effects were significant. There is no
obvious interpretation for the slight advantage for the
squares over the circles and no obvious reason why this was
especially so when the circles of the barbell rotated. Of note
here, and perhaps most important for the present investiga-
tion, is that the control participants demonstrated equivalent
detection times for left- and right-sided events and did not
exhibit an asymmetry for the side on which the target
appeared, nor did side interact with the frame of the display
(circle or square). These findings suggest that there are no
fundamental biases with regard to side that might be
important when interpreting the findings for the neglect
participants.

For the neglect participants, the major finding was that the
three variables, frame of display (square or circle), side of
space on which the target appeared (left or right), and

Square {[ocation coordinates}
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350+
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Figure 4 Mean of median reaction time (RT} and standard errors for normal control participants
(A) and neglect patients (B) for targets on the left and right in object and location coordinates as 4

function of condition (static or moving).
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condition (static or moving), affected detection time interag-
tively, F(1, 5) = 9.66, MSE = 75515, p < 05, 1t is
important that, as a group, the neglect p_aru{:ipants s‘howed
the significant object-centered effect, which was mamfest as
an interaction between condition and side of space for
targets in the circles, F(l, 5) = 38.8, MSE = 1,42i.8,-;.3 < :
005, Relative to the static barbell, in the moving condition, trials.
neglect participants were, On average, 138 ms fastgr to detect
the left target and 155 ms slower to detect the right target
{see the left panel in Figure 4R8), This significant ieft—s'xded
facilitation and significant right-sided inhibition replicate
our previously established object-centered effect (}Behrmaqn
& Tipper, 1994; Tipper & Behrmann, 1996). This result is
not surprising, however, given that neglect participants were
selected for inclusion in this sample only if they showe_d
cither left-sided facilitation or right-sided inhibition in their
individual data.

The pattern of data is quite different for the squares
compared with the circles; detection was 141 ms poorer for
targets on the left of the display than for targets on the right,
and this left-sided inferiority held regardiess of whether the
barbell moved or remained static (see the right panel in
Figure 4B). There was also a joint effect on RT of frame of
display with the side of the space on which the target
appeared, F(1, 5} = 658, MSE = 14153, p < 003;
collapsed across condition, RTs to targets on left squares
were 51 ms slower than RTs to targets on right squares, but
the converse was true in the case of the circles (left was 36
ms faster than right) because of the left-sided facilitation and

right-sided inhibition associated with the barbell Finally,  participants.

Circle (uhject) Square {Location) Circle tobject) Square (Location)
Pl P2
Y590 950
2 50 750
F=1
£ ss04 550
; 350+ s 350
; ' Left Right
1elt Right Left Rlpht O moving Lefy Right
B atati
1)3 . atagic P4
950 4
2 750 -
=
1-! B
= 350

Left Right Left Right Left Right Teft Right

RT {in ms)
b
4

350 m .

Eclt tipht Lelt Ripin Lelt
SF}de of target

Rigiit Left Right
§ide of target

Figtre 5. Mean reaction time (RT) for targets on the feft and right in quect and location coordinates
as a function of condition, plotted for the 6 patients (P = patient) individually.

there was a significant joint effect of side of target and
condition (moving or static) on RT, F(1, 5) =388, MSE =
1,421 8, p < .003, such that, collapsed across squares and
circles, left static trials were, on average, 121 ms slower than
right static trials, but the difference between left and right
moving trials was 15 ms, with a slight advantage for the left

This pattern of data, including the reversal of the static.
barbell's left-sided inferiority when the barbell rotated, and
the persistent left-sided inferiority in the squares, whether
the barbell rotated or remained static, is even manifest in the
data from the individual participants. Figure 5 shows the RT
data as 2 function of condition for the circles and the squares’
for each of the 6 patients separately. The left-sided facilita-
tion for the moving over the static circle conditions can be
seen in 4 of the 6 patients (not significant in Patient 2 or
Patient 4) and is perhaps most clearly evident in Patient 1.
The right-sided inhibition for the moving over static circle.
conditions was observed in 5 of the 6 patients (not in Patient
1), although the effect was only marginally signiﬁcz}nt in
Patient 2. [n all cases, detection of targets was poorer in th

left squares than in the right squares, and therq was an
advantage for the moving over the static displays in all l_:u
the left trials for Patient 1 and Patient 5, but no interaction
between side of target and moving-static condition. Thus,
the major finding of a co-occurrence of object-based neglect
with neglect in a second set of coordinates defined by the
squares (location-based) was upheld in the patterns of the
individual data, albeit 1o varying degrees in the different

Discussion

The first major question addressed in this study concerned
whether neglect could be observed in both object-centered
and location-based frames simultaneously. The key finding
from this experiment was that in a group of nenropsychologi-
cal patients in whom object-centered neglect was observed,
manifest as lefi-sided facilitation and right-sided inhibition
for moving over static displays, we also observed poorer
performance on the left than on the right for targets defined
in location-hased coordinates Thus, in a situastion in which
the left and right sides of two different coordinate frames
were probed in a mixed block of trials, simultaneous
performance deficits for targets on the contralesional side
- defined with respect to two different reference frames were
* noted. Under these experimental conditions, the participants
‘could not develop any obvious expectations or contingen-
cies about which reference frame might be probed, and
neglect was evident in both frames. It is important that the
- co-occurrence of neglect in two reference {rames cannot be
Cattributed to two different anatomical locations because
these patients all had a single right-hemisphere lesion
Instead, these data suggest that a unitary spatial attentional
mechanism, mediated by the right hemisphere, can select
“and access information represented within more than one
“: patial coordinate system,

Experiment 2

Having established the coexistence of neglect in more
than one spatial reference frame, we now turn to a second
question which concerns the distribution of attention or the
~ relative extent of neglect in these two frames. It is interesting
that the degree of neglect (the difference between mean RT
on the left and right over the average of left and right) in
Experiment 1 was roughly equivalent in the two reference
frames in the moving condition, with neglect severities of
202% and 277% in the object and location frames,
spectively, What is unclear is whether attention is always
equally distributed in these two frames or whether this is
simply a response to the contingencies in the sampling
probabilities. In the previous experiment, the probability of
tirget occurrence was equally balanced in the lecation-based
{squares) and object-centered (barbell) frames, and one
ight imagine that the relative weightings of the informa-
tion in each frame were approximately equal.
'TO determine whether the distribution of attention or
eighting between the frames can be altered so that neglect
may be increased or decreased as a function of the target
ctontingencies, in Experiment 2 we manipulated the probabili-
t1e_s_of the probe’s occurring in the two reference frames. For
ample, in some blocks of trials the target appeared in the
barbell 80% of the time and in the squares only 20% of the
e. If attention is equally allocated between the two frames
Y: default and this holds irrespective of the contingencies,
Tt the target probability manipulation should have no
ffect on RTs. On the other hand, if neglect reflects a
10logy of attention, and attention can be flexibly allo-
ted according to the demands or contingencies of the task

MULTIPLE SPATIAL FRAMES OF REFERENCE 01

(Baylis, Driver, & Rafal, 1993; Vecera & Farah, 1994:
Watson & Kramer, in press), then when attention is predomi-
nantly focused on one reference frame (eg., the object-
centered one), detection of targets on the left in this frame
may differ compared with when this frame is probed less
often. Similarly, detection of targets on the right may differ
as the contingencies of the task favor a particular reference
frame.

In some theoretical accounts, one might predict that as a
particular reference frame is probed more often, more
attention is directed to the stimuli represented in this frame,
and detection will be facilitated even for items on the
contralesional left side. Empirical data consistent with this
particular conceptualization come from the finding that, for
example, in a covert attention cuing paradigm, target
detection is facilitated if covert attention is precued to the
target location, that is, if attention enhances subsequent
processing (Posner, 198(); Posner & Cohen, 1984). From
such a perspective, when the probability of sampling targets
in a particular frame is increased and attention is distributed
more often in such a frame, then we might expect to see a
decrease in neglect as the sampling probability is increased

There is, however, an alternative conceptualization of
attention and neglect that is growing in popularity. Accord-
ing to this account, one might expect to see an increase in
neglect severity as probability is increased. Such a predic-
tion is compatible with a view of selective attention in which
attention is conceptualized as a more dynamic, competitive
mechanism. In such an account, objects compete with each
other for selection and further processing, and the object that
eventually “wins” is the attended stimulus (Desimone &
Duncan, 1995; Duncan, 1996; Duncan & Humphreys,
1989). These views suggest that multiple objects in the
visual input compete for representation, analysis, and con-
trol and that attention is an emergent property of many
neural mechanisms working together to resolve this compe-
tition. Competition is considered a general principle of
neural selection, working across many different areas of the
brain (Humphreys, Romani, Olson, Riddoch, & Duncan,
1994y,

Application of this competition interpretation to the case
of neglect is as follows: The brain damage imposes an
exaggerated negative bias on left-sided stimuli, and these
stimuli are always disadvantaged in a competition between
potential left- and right-sided targets. Within such a competi-
tive framework, the effects of the probability manipulation
may work in the following fashion. When one frame of
reference is probed with increased frequency, the gain on the
spatial bias is exaggerated such that the salience of informa-
tion on the ipsilesional right is enhanced and that on the
contralesional left is reduced This marked left-right differ-
ence yields little competition, and the right-sided targets
easily win out over the poorly detected left-sided targets,
giving rise to slowed time to detect left targets and to
increased neglect When the representation defined in a
particular frame is probed less frequently, the left-right
differential is not as strong and the left-sided target is
detected somewhat faster.
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Method patterns of RT data reflecting the relative sampling probabili
ties in the two different frames of reference. As in Expen
ment 1, the error rates in Experiment 2 were extremely low;
comprising fewer than 3% of the trials. The analysis of the
RT data involved a repeated measures ANOVA on
correct target-present trials with propostion (20% or 80%).
frame of display (circle or square), condition (static o
moving), and side of space (left or right) as within-subjec
variables. RT values that exceeded 2 §Ds from the mean of a
given cell were rejected, and RTs were collapsed across
direction of rotation in the moving condition. Figure 6 shows
the mean RT and standard error across patients in the statie
and moving conditions for targets appearing on the left and:
right as a function of sampling probability and as a function’
of whether the targets appeared in the circles (object
coordinates) or squares (location coordinates) :

The most notable finding is that there is a four-way:.
interaction, F(1, 5) = 82, MSE = 2,8027, p < 03 If we "
consider the pattern of data separately for the circles (Figus
6A) and squares (Figure 6B), the nature of the interaction
becomes clear. As is evident from Figure 6A, in both the -
20% and 80% probability situations, the signature of object-
centered neglect is evident; that is, there is significant’
Results left-sided facilitation and right-sided inhibition in the mov
ing condition relative to the static condition. This replicates:
the pattern of data obtained in Experiment 1 (see Figures 4
and 5 for comparison). There is, however, an effect of the
probability manipulation on the severity of object-centered

The stimuli and displays used in Experiment 1 were also used in
this experiment. The only two methodological differences between
the two experiments were that, first, only the neglect patients
participated in this experiment and, second, two further lesting
sessions took place for each neglect patient. The same 6 netropsy-
chological patients who participated in Experiment | took part in
this experiment In these additional sessions, the weighting of a
particular reference frame was manipulated within subjects. In one
session, there was an 80% probability that the targets would appear
in the object-centered frame and a 20% probability they would
appear in the location-based frame In the second session, these
probabilities were reversed. For half the participants, the sessions
proceeded in the order described above, and for the remaining half,
the order was reversed Within each probability level, eight blocks
of 60 trials were run, for a total of 480 trials. At the 80%
probability, the number of target-present trials on each of the left
and right sides was 128, and at the 20% probability, there were 32
targets on each of the left and right sides, for a total of 320
target-present trials. The remaining 160 trials were target-absent
trials. The participants were explicitly informed of the particular
probabilities at the start of each session, and a block of 60 practice
trials was run with this contingency. The analysis procedure used
was identical to that in Experiment 1.

If the demands of the task affect the salience or weighting
assigned to a representation and if the patients exploit these
contingencies, then one might expect to see differing
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Figure 6. Mean of mean reaction time (RT) for neglect patients for targets on the left and right in
object coordinates (A) and location coordinates (B} as a function of cordition (static or moving) and
sampling probability

neglect: Although object-centered neglect is observed under
‘poth manipulations, the extent of the effect is more pro-
nounced in the 80% condition than in the 20% condition.
Tnis increase in the object-centered effect comes about
'Ej;edominantly because of the increased inhibition for targets
on the right in the moving condition relative to the static
ondition. Whereas for left-sided items the difference be-
fween the static and moving circles was 140 ms in the 20%
orobability condition and 164 ms in the 80% probability
condition, revealing only a trend toward increased facilita-
‘tion in the 80% condition, the corresponding difference was
“marked for right-sided items. Inhibition on the right in the
‘moving condition was only 33 ms in the 20% probability
‘condition but was 166 ms in the 80% probability condition.
‘These findings reflect an increase in the neglect pattern in
ﬁbject—cemered coordinates when this frame is probed more
‘bften, but the increase is more pronounced for targets on the
right.

Furning to the squares, we see location-based neglect in
“both the 20% and 80% probability conditions, as reflected in
‘the slowed RTs to left targets compared with right targets, It
“is interesting that whereas there was only a 55-ms difference
Between detection time for left and right targets in the 20%
“¢ondition {collapsed across static and moving conditions),
atients were 132 ms slower to detect left targets than right
‘targets in the 80% condition, as is evident from Figure 6B.
_This again reflects an increase in the extent of the neglect as
e sampling probability increases.

These findings are summarized in Figure 7, which illus-
“trates the increase in neglect in each of the two reference
- frames as the probability increases. To illustrate the influ-
‘ence of target probability on neglect in the two reference
“frames, we have replotted the data in terms of a difference
-score between RTs for targets on the left and RTs for targets
“on the right (y-axis) for static and moving displays sepa-
rately. The v-axis refers to the sampling probability. The
“effect in the circles (or object coordinates; see Figure 7A) is
onsidered separately from the effect in the squares (or
ocation coordinates, see Figure 7B). The error bars reflect
the standard error of the differences across the patients
etween RTs for left and right targets.

If we consider the situation when the display is static, the
everity of neglect increases with the probability of the
arget, as is evident from the left sides of Figures 7A and 7B,
ut this is much more salient in the case of the circles of the
arbell than in the case of the squares. Thus, as probability
ncreases from 20% to 80%, neglect increases from 82 ms to

‘176 ms for the barbell circles. Even more striking, when
the barbell rotates, we see a marked effect of the probability
of- sampling in both the squares and circles. For the circles,
- Beglect increases in the object-centered frame as the sam-
_pling probability increases, and because object-centered
eglect is reflected as a slowing in right-sided RT5 and a
peed-up in left-sided RTs, we see negative RT difference
Cores between the left and right in Figure 7A. Whereas the
T difference between left and right is —81 ms on average in
the 20% condition, it is ~ 52 ms in the 80% condition. For
the squares, neglect increases from 29 ms to 159 ms in the

16 ms in the squares, whereas neglect increases from 33-ms”
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Figure 7. Difference (left minus right) in reaction time for targets
appearing in object coordinates (A) and location coordinates (B) in
the static and moving conditions as a function of sampling
probability.

location-based frame as sampling increases from 20% to
80% probability, as can be seen in the right side of Figure
7B. Taken together, these findings indicate an exaggeration
of the neglect effects as the weighting of a particular frame is
increased.

Discussion

There are two major results that emerged from Experi-
ment 2. The first finding is that neglect can occur in both
location-based and object-centered representations concur-
rently, which replicates the results obtained in Experiment 1.
The second and novel finding is that there is a modulation of
the severity of neglect when the sampling probabilities of
targets appearing within the location-based or object-
centered representations are systematically varied. Tt is
interesting, and perhaps counterintuitive, that as the targets
in one frame are probed with a higher probability, the extent
of the neglect increases in that frame. Thus, these findings go
further than demonstrating the coexistence of neglect in
more than one coordinate system by showing that: the
contingencies of the task can alter the severity of the neglect.
As the sampling probabilities are altered, so attention can be
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flexibly and strategically atlocated between reference frames
to accommodate the behavioral demands of the task

A particularly interesting aspect of the findings is that the
facilitation and inhibition associated with the circles appear
to have no obvious effect on the squares; detection of left
and right targets in the squares is unaffected by the barbell
rotation, Thus, attentional resources allocated to the barbell
prior to its rotation provide neither a benefit for the left
square {when detection in the circle is facilitated relative to
the static circle) nor a disadvantage for the right square
(when detection in the circle is inhibited relative to the static
circle). Even in the high-probability sampling trials in the
cirele, in which we see the maximum effect of the rotation,
there is still no significant difference between the squares
when the barbell rotates compared with when it remains
stationary. Thus, despite the physical proximity of the square
and the circle, the costs and benefits associated with the
circle do not transfer to the square, These findings have two
important implications: First, there appears to be no transfer
of the spatial biases between the squares and circles, which
suggests that the different frames of reference are indepen-
dent. Second, the well-established attentional facilitation
one sees for stimuli focated near a target (C. W. Eriksen &
Hoffman, 1972; Hoffman & Nelson, 1981; Tsal & Lavie,
1988) is based not solely on proximity, defined as physical
distance between stimuli on the screen, but on whether the
stimuli both appear within the same reference frame,

Although the findings are clear up to this point, there are
some aspects of these data that do not match the predictions
and thus warrant further discussion. One concerns the
pattern of data for squares in the static condition: Although
there is an increase in the severity of neglect as probability
goes from 20% to 80% in both the static and moving circles
and in the squares in the moving condition, this is not the
case for squares in the static condition Increasing the probability
of the target in the location-based frame does not significantly
affect the neplect severity in the squares in the static
condition, aithough the 34-ms increase in RT from the 20%
to the 80% sampling is in the same direction as for the other
conditions. We suspect that this failure to observe the
probability effects in this one condition may be due to
inadequate statistical power, but this remains to be deter-
mined in future work,

Another puzzling aspect of the data concerns the RTs on
the right-sided targets in the frequently probed frame of
reference. If it is the case that the “‘gain” is turned up on the
competition, then one might predict that just as the contrale-
sional high-probability targets are disadvantaged, so the RT5s
to the ipsilesional high-probability targets will be facilitated.
This was not abviously so, although a detailed examination
of the data reveals the following: The mean RT to the right
circle in the static condition with 20% probing was 599 ms,
whereas it was 556 ms with 80% probing, a difference of 43
ms. A comparison of the RTs for the squares, collapsed
across static and moving conditions, reveals median times of
586 ms and 564 ms for the 20% and 80% conditions,

respectively, and a difference of 22 ms. Although neither of

these effects reaches significance, they are both in the correct
direction. The lack of significance, as in the case mentioned

above, might have arisen from the reduced power in such
small sample Alternatively, it is possible that participants
were operating at the limits of their ability and that we are
observing a floor effect. These are elderly, brain-damaged
patients, and it may be that their RTs cannot be speeded up
much more. :
In sum, this experiment confirms that neglect is a deficit
of attention rather than one of perceptual representations. In
fact, the findings suggest that participants are able to attend
preferentially to the right side of an object, irrespective of its
spatial location, while at the same time selectively attending
to the right of a location within which the object appears,
Furthermore, we have demonstrated that participants arg
able to orient attention flexibly to particular frames of
reference depending on the likelihood of a target’s appear-
ance. The pathology of attention, revealed by neglect, is
most salient in the frame of reference toward which attention
is oriented. '

a set of location coordinates, detection is impaired. On the
other hand, targets spaced far apart and in different hemi-
fields can produce fairly similar detection performance:
Detection of targets appearing in the left square and
detection of targets appearing in the barbell on the right side
‘of space after rotation produce patterns of behavior that are
not statistically different from each other. These resuits
-canniot be explained by any meodel of attention that argues
‘solely for a location-based medium. The findings also cannot
be explained by a view in which information on the left does
not reach awareness because the contralesional spatial
medium is poorly resolved and unable to support the item as
‘4n independent token (see, for a discussion of this point,
“Farah, 1994). Rather, the current findings can be explained
only by assuming that the positions of targets are defined
with respect to particular frames of reference and that spatial
position (and neglect thereof) is determined with respect to
“these frames,
: A further issue addressed in this article concerns whether
the distribution of attention in these two frames of reference
“ia fixed and invariant or is flexible and influenced by task
demands (Humphreys & Riddoch, 1995; Vecera & Farah,
1994). By manipulating the probability of targets appearing
Within the mobile object or the static loci we showed that the
“pattern of neglect also varied. Specifically, as the probability
“of a target appearing in the mobile object was increased, so
“the severity of neglect, reflected as a difference between
~detection of left and right targets, also increased. The
ricrease in neglect with more frequent sampling in a frame
" was also observed in the sguares but was more clearly seen
“when the barbell was moving than when the entire display
‘was static. These results provide further support for the
“notion that neglect is a pathology of attention, because the
nature of the neglect, as determined by which frame of
“teference was dominant, is substantially altered by the
“participant's attentional strategies (Baylis et al., 1993).
./ The finding that spatial information is represented in more
“than one coordinate system is consistent with considerable
a from single-unit recordings in parietal cortex of nonhu-
man prirmates. For example, in relatively early work,
ndersen and colleagues (Andersen, Essick, & Siegel, 1985;
ndersen & Mounteastle, 1983) showed that single celis in
arietal cortex have retinal receptive fields and, moreover,
that the firing of these cells is modulated by the orbital
sition of the eyes (see also, Colby, 1996; Duhamel, Colby,
‘Goldberg, 1992). This convergence of the eye and orbital
nal provides a means for representing space in a head-
tered frame. Furthermore, the activity of cells in the same
area of parietal cortex is modulated by the position of the
Bead relative to the trunk (through vestibular or propriocep-
- hve feedback), and this contributes to a representation that is
Tunk-centered or defined with respect to the body midline
_(Brotchie, Andersen, Snyder, & Goodman, 1995). Finally,
nput from vestibular signals to these cells provides informa-
n about the orientation of the head in the world (Snyder,
rieve, Brotchie, & Andersen, 1998) and, combined with
the retinal and orbital information, produces a spatial code in
-Warld coordinates (enviromment or location coordinates, in
U terminology; for overviews of this research, see Andersen,

General Discussion

These experiments were designed to determine whether
the deficit in processing contralesional stimuli shown by
patients with unilateral neglect can be observed in two
different frames of reference simultaneously. More specifi
cally, we wished to determine whether object-centered |
neglect might be observed concurrently with neglect in-
different set of spatial coordinates. The experiments wen
motivated by three factors: First, consideration of perceptua
processes clearly shows that objects are not perceived i
isolation but rather that object perception is determined by
the visual background environment (e.g, J. T Gibson
1979). Second, attentional mechanisms function in both
spatial and object-based frames simultancously in norma
participants engaged in the same task (Egly, Driver, et al.
1994; Egly, Rafal, et al, 1994), and their relative contribu
tions can be influenced by task instructions (Vecera & Farah; .
1994). And third, in neuropsychological patients, there is
suggestive evidence that neglect can be observed in tw
frames of reference but that the extent to which neglect.
manifests may depend on the behavioral requirements of the.
task (Humphreys & Riddoch, 1994, 1995; Riddoch, Hum-.
phreys, Burroughs, et al, 1995; Riddoch, Humphreys
Luckhurst, et al., 1995).

Multiple Spatial Representations

What we have demnonstrated for the first time is th
patients with visual neglect, like normal control participants::
(Fgly, Driver, et al, 1994), represent information in bo
Jocation-centered and object-centered frames simulta
neously in the same task (see also Behrmann & Moscovitch,.
1994). Thus, even when targets are presented in close spati |
proximity on the same side of a visual display, detectio
performance can be quite different. For example, after the.
barbell has rotated, detection of targets on the left side Of:_}
space differs depending on the reference frame: If the targt?l*
falls on the right side of the barbell, performance 15
relatively good, but if the target falls on the left as defined by

MULTIPLE SPATIAL FRAMES OF REFERENCE 85

Snyder, Bradley, & Xing, 1997; Andersen, Snyder, Li, &
Stricanne, 1993; Colby, 1998; Colby & Goldberg, 1999),
Recently, Olson and Gettner (1998) demonstrated a deficit in
object-centered directional selectivity in monkeys with
lesions to parietal cortex (also see Olson & Getiner, 1996).
That information in parietal cortex is coded with respect ta
many different sets of coordinates predicts that, following
brain damage to this region, a spatial deficit such as neglect
should be observed for information on the contralateral side
in multiple frames of reference This prediction is further
supported by computational simulations showing that dam-
age to parietal neurons that perform sensorimotor transforma-
tions can give rise to neglect in multiple different coordi-
nates (Pouget & Sejnowski, 1997}

We have concluded that spatial information is thus
represented in multiple frames of reference and that damage
to parietal cortex reflects these representations. An alterna-
tive explanation that must be addressed before we defini-
tively conclude that it is the multiple spatial representations
that ultimately determine neglect behavior, however, has to
do with whether the data we have reported are simply an
artifact of eye movements. Such an explanation might work
as follows: The neglect patients initially fixate the right of
the barbell because their attention is preferentially distrib-
uted to that side in the preview display, and then, when the
barbell starts rotating, they track the movement of the right
circle. When the barbell finally stops, the patients are now
fixating the left side of space, which is occupied by the right
of the barbell. The speedup of left detection in the moving
condition relative to the static condition might then emerge
from the fact that patients are now fixating the position in
which the left target will appear The observed facilitation,
then, is simply a product of a shift in overt fixation and is
unrelated to the object per se. In this same account, the
slowing in detection of the target on the right side comes
from the fact that the patients are fixating far over to the left
of the display and need to move their eyes and their covert
attention to the right This takes time and involves an RT
cost, giving rise to the observed inhibition for right-sided
targets in the moving condition.

This eye movement explanation, however, does not
provide an adequate account of the data for two main
reasons First, we previously (Tipper & Behrmann, 1996,
Experiment 2) tested this alternative hypothesis directly in 2
neglect patients by using the same static and rotating barbell
paradigm as we used here while simultaneously monitoring
their eye movements. Both of the hailmarks of object-
centered neglect, the left-sided facilitation and right-sided
inhibition, were observed in these 2 patients even when eye
movements were held constant. These findings rule out eye
movements as a possible explanation. A second compelling
reason for ruling out eye movements comes from the data
obtained in the present study. If patients were simply
tracking the right circle of the barbell while it rotated into the
left side of space, then we might expect detection of the
target in the square on the left side, now adjacent to fixation
and the focus of attention, to also be facilitated in the moving
condition. This, however, was not the case, and detection of
the target in the left square was equally poor in both the
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moving and static conditions (see Figure 4 and Figure 6B).
What was observed instead (and to an equivalent extent in
the moving and static conditions) was that detection of the
target in the right square, located 14 3° away from the
hypothesized fixation, was relatively good. These findings
provide further evidence for the claim that eye movements
are not responsible for the patterns of behavior in these
experiments. Rather, the findings are compatible with the
claim that spatial information may be represented in two
different reference frames and that neglect may be observed
in both simultaneously

What Are the Exact Reference Frames?

Although we have established that spatial information
may be represented in multiple frames of reference, we need
to examine exactly what those reference frames are, We
consider the squares and circles in turn We have couched
the argument in terms of a contrast between location-based
and object-based attention, but one might argue that the
distinction is better cast as a distinction between two objects,
one foreground and one background The barbell would
constitute the foreground object as we have already pro-
posed, but now the squares would form part of a single
background object and not constitute a location-based
representation. Under this interpretation, there is neglect
only for the left of object-based representations, with two
independent representations for the foreground and back-
ground Given the limitations that normal participants
display when processing more than one object at a time
{Duncan, 1984; Neisser, 1967), we think this hypothesis is
u‘niikeiy‘ Also, it is our intuition that if we presented a
display consisting of only two squares to normal partici-
pants, they would be unlikely to consider them as a single
object We favor the interpretation, therefore, that the
squares are part of a non-object-based representation, al-
though, as discussed previously, there are several potential
_contenders for what that representation might really be, An
important implication of our perspective, however, is that,
whereas participants may be impaired at switching between
two objects (Dunican, 1984}, there is minimal or no cost in
switching between two reference frames. This hypothesis
awaits further empirical verification.

if we consider the barbell now, we have argued that the
circles are coded in an object-based representation. Exactly
what this means is open to different interpretations, At the
most basic level, one might argue that the barbell is not an
object per se but is rather a grouped set of contours that
move together and share Gestalt properties such as good
continuation and common fate (Driver & Baylis, 1989). We
would not argue with this interpretation, and we certainly
acknowledge that the two circles and the horizontal bar of
the barbel are grouped together. In our view, this is exactly
v'vhat constitutes an object-based representation, and over
time, with increased experience and familiarity with the
stimulus and as it is imbued with meaning, so it comes to

have a long-term object representation (for such a scheme,
see Mozer, Zemel, Behrmann, & Williams, 1992). For the

Halligan, & Marshall, 1997) “lesioned” a neural network,
reviously designed to simulate aspects of normal atten-
- tional behavior, by imposing a gradient of probability across
“ihe connections from the retinal or input layer to the
“atentional mechanism  The probability with which the
“jeft-sided information is selected is a function of this
cadient; if the gradient is less steep such that left-sided
" information is being activated to some extent, neglect would
“'be less severe. The steeper the gradient, the more likely that
- the right-sided information will be selected as the “winner”
and the more severe the neglect.
:+ A possible neural basis for the exaggeration of neglect as
" attention to a particular frame of reference is increased is the
‘greater neural activity associated with behavioral intention
* (Bushnell, Goldberg, & Robinson, 1981; Colby, 1996)
 These increasingly active neurons set the threshold for the
competition and increase the differential between informa-
jon on the left and right, resulting in greater suppression of
contralateral stimuli. In the context of the experiments
~reported here, then, an increase in the extent of left-sided
‘neglect arises from increased competition in the frequently
‘probed reference frame, and this leads to a heightened
~ asymmetry in the more dominant frame.

c%m'em purposes, however, the two views, of a groupé
display and of an object, are equivalent. -
But i; the “object” then simply defined by its initiz
egocentric encounter? Driver et al (1994) argued that ik
re}ative left and right of an object are defined relative g
midline axis imposed from the egocentric perspective aﬁ'
th.us that there is nothing special or objectlike about ol
stimulus. This type of stimulus contrasts with objects thy
have a canonical or intrinsic handedness, such as maps ¢
jwords, an_d that have a 3-D or object representation define
in a Marrian sense (Marr & Nishihara, 1978). In a previou
study, one of us showed that patients with neglect fail {g
report letters that appear on the left of objects (letters of th
aEphabfet) that have an intrinsic asymmetry irrespective of
the orientation of the object (Behrmann & Moscovitch;
1994): In the context of that previous study, it remains an
open issue whether the object-based neglect arises from g
canonical 3-D representation of the barbell object or from 3
representation defined by the viewer which then moves
along with the object. The barbell was colored asynunetri-
cally, and participants who saw a blue circle on the left
always saw the blue circle on that side During the course of
the experiment, then, the barbell may come to have g
czmqr:wal representation with the blue circle on its intrinsic
left, irrespective of the orientation of the barbell Thus, even
thou_gh the left of an object might be assigned during 2
p_artxcular initial encounter with it, the object is still qualita-
tively different from the background space in which it exists.
Moreoyer, over the course of processing, a 3-D representa-
tion might be formed, and this might mediate subsequent
performance, :

- Support From “Extinction” for the Competition
Hypothesis of Neglect

We have claimed that a view of selective attention as the
outcome of a competitive mechanism can account for the
 findings obtained in this study. This view has also received
increasing support from a host of other recent studies on
brain-damaged patients with lesions in parietal cortex who
. show ‘“extinction.” Extinction rtefers to the pattern of
- performance in which patients are significantly impaired at
- processing information on the contralesional left side but
- only when this information is presented simultaneously with
- ipsilesional right-sided information. For example, Patients
A C and G. B. (Ward, Goodrich, & Driver, 1994) reported
the presence of a single bracket or a single dot on the left
side correctly on approximately 75% and 95% of the trials,
respectively. When this left-sided information was presented
concurrently with right-sided information, report of the
“single dot or bracket fell to about 25% and 0%, respectively,
for the 2 patients. It is interesting that the competition
between two stimuli, one on the left and one on the right, and
“extinction of the left stimulus can be observed even when the
two stimuli are presented sequentially but within 600 ms of
each other (di Pellegrino, Basso, & Frassinetti, 1997).

The impairment in contralesional processing only when
- competing ipsilesional information is present contrasts with
the pattern in neglect, in which even information appearing
alone on the contralesional side is poorly processed There
are other important differences between the extinction and
neglect patients. In extinction, as several recent studies have
demonstrated, the impaired processing of the contralesional
information in the double-item displays can be offset if this
: contralesional information can be bound or grouped together
with the ipsilesional information. For example, Ward et al
(1994) showed that when the contralesional item could be

Attention as Competition

A particularly counterintuitive aspect of the findings
-obt'ained in these experiments is that the severity of neglect:
is increased when the probability of a particular frame's
pemg probed is increased. This finding is difficult to
interpret within some standard accounts of attention that
ha\fe‘ proposed that the main function of attention is to’
facilitate perceptual processing (Broadbent, 1958; Posner,
1980} and that attending to a stimulus should therefore yield
faster RTs We have suggested, however, that the increase in
neglect is compatible with views of attention in which items
compete for selection. When one item is disadvantaged, as in-
the case of items on the left in patients with ri ght-hemisphere’
lesions, this item will lose out more often The time needed:
to detect and process it, then, will be substantially increased.
_ There are two implemented mechanistic accounts tha
incorporate such a competitive mechanism in the context of
sgatmi attention, and both predict performance consistent
with Fhe view proposed here. Cohen, Romero, Servan-:
Schreiber, and Farah (1994), for example, explicitly demon-:
strated in the context of a neural network model that
attention emerges from competition between left and right
stimu_ll and that neglect patients’ failure to process the-
}eft-§aded stimulus may be captured by imposing a negative -
spatial bias on the units representing the left side. Similarly,
Mozer and colleagues (Mozer & Behrmann, 1990; Mozer;
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grouped with the ipsilesional information on the basis of
Gestalt factors such as similarity (e g., a bracket on the left
and a bracket on the right) or symmetry, report of the
lefi-sided stimulus improved by roughly 50% for both A. C.
and G B compared with when the left-sided information
could not be grouped with a simultaneous right-sided
stimulus. The same pattern was obtained when the two items
formed a familiar configuration {e g, an arrow made of a left
arrowhead and a right horizontal bar). This modulation of
extinction of the contralesional information suggests that, in
the context of a competitive mechanism, the negative bias
for the contralesional information is reduced such that
contralesional and ipsilesional information form a single
group and cooperate rather than compete
The reduction of extinction through grouping has now
been replicated in several studies with parietal patients, and
better processing of the contralesional information has been
shown when the left-sided information can be grouped by
bottom-up factors such as color and proximity (Driver &
Hailigan, 1991), brightness, or collinear edges (Gilchrist,
Humphreys, & Riddoch, 1996; Rorden, Mattingley, Karnath,
& Driver, 1997). A reduction in contralesional extinction is
also seen when the left information is grouped with the right
information by a global outline (Driver, Baylis. & Rafal,
1992: Farah, Wallace, & Vecera, 1993), by an illusory
contour {Kanizsa-type figure) or a partially occluded figure
(Mattingley, David, & Driver, 1997), or by any well-
configured object or whole (Gilchrist et al., 1996; Hum-
phreys & Riddoch, 1994). Top-down effects also play a role,
with less extinction for known or familiar objects or words
than for unknown objects or words {Behrmann, Moscovitch,
Black, & Mozer, 1990; Driver, Baylis, & Rafal, 1992; Ward
& Goodrich, 1996) Similar effects of grouping, in which
unattended information is processed better if it forms part of
an object defined by uniform connectedness (Kramer &
Hahn, 1996; Watson & Kramer, in press), have been
ohgerved with normal participants.
Given that connecting or grouping of a left-sided item and
a right-sided item into a single object can partially offset the
poor contralesional processing in parietal patients, it is
curious that we continued to see significantly poorer detec-
tion of the left-sided target in the present study, in which the
left and right circles grouped to form a single barbell. If
left-sided information is grouped with the right, then we
should not observe such poor contralesional processing in
the object-centered frame In fact, one might even expect to
see especially strong grouping effects in our study, in which
the right and left sides of the barbell moved together, given
that motion and common fate have been shown to be
particularly robust in producing perceptual organization
effects (Driver & Baylis, 1989) Furthermore, in a previous
study in which we specifically examined the severity of
neglect when the circles were joined by a horizontal bar to
form a barbell and when they were not connected, we saw
the object-centered effect only in the grouped or joined
barbell condition and not in the disconnected condition
(Tipper & Behrmann, 1996) This finding appears to contra-
dict those data that suggest that grouping the left stimulus
with the right improves its detection.
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There does not seem to be an obvious explanation for
these contradictory findings, but a number of possible
explanations can be proposed. One concemns a possible
difference between the patients who have participated in the
different studies. The patients who participated in the studies
reported here as well as in our other studies all showed
explicit signs of neglect and omitted left-sided information
on pencil-and-paper tests (see Figure 3). Some, although not
all, of the patients in the extinction studies performed
relatively well on these standard tests of neglect For
example, Patient G. B. (Ward & Goodrich, 1996; Ward etal ,
1994), Patient V. R. (Mattingley et al., 1997, Footnote 17;
Rorden et al., 1997), and Patient E. N. (Rorden et al, 1997)
exhibited mild (if any) neglect on these standard neglect
measures The differences between these patients might lead
one to suggest that extinction and neglect are qualitatively
different phenomena and hence that principles of grouping
and connectedness might operate in the case of the former
but not the fatter. An alternative explanation is that these are
simply quantitative variations of the same basic deficit
Indeed, extinction has often been considered to be a milder
form of neglect or a stage in the recovery from the more
severe neglect deficit (Critchley, 1953; McFie & Zangwill,
1960). If the difference between patients is simply a matter
of degree of deficit, it is not surprising that extinction
patients but not neglect patients are positively influenced by
grouping. In the case of the extinction patients, left-sided
information is activated to some extent; although the left-
sided information is not selected during the course of the
competition between potential targets when both a left target
and a right target are presented simuitaneously, extinction
patients can still take advantage of its activation and exploit
it in the context of grouping. In contrast, in the case of
neglect patients, the contralesional stimulus is so poorly
activated that even when it is presented alone, patients fail to
detect its presence. In such a case, because of the minimal
activation, patients cannot use left-sided information to take
advantage of perceptual aspects of the display such as
grouping or of top-down information such as lexical knowl-
edge (for a similar severity argument and its computational
implementation, see Behrmann et al, 1990, and Mozer &
Behrmann, 1990),

This view argues that extinction and neglect might simply
be parametric variations of the same basic phenomenon and
that the former but not the latter can exploit perceptual and
conceptual aspects of the stimulus display. This severity
argument might still apply to those few extinction patients
who show effects of grouping but who also perform poorly
on neglect tests. It might still be the case that these patients
(e.g., Patient G. K., Gilchrist et al, 1996; Humphreys et al,
1994: and Patient A, C of Ward et al, 1994) were more
mildly affected than the patients with florid neglect who
participated in our studies and that they may have had some
residual activation that could be exploited under conditions
of grouping.

A second possible explanation for the improved reporting
of left-sided information in some studies but not in the
studies that used the barbell paradigm may have to do with
methodological differences between the paradigms. For

example, Ward et al. (1994) and Mattingley et al. (1997
presented stimuli for a limited exposure duration; in the
former case, stimuli were presented for a duration thas
ranged between 43 and 129 ms (with masking) and detection
accuracy was measured. In contrast, in our studies, the
barbell and target remained on the screen for an extended
time of 3 s, very few errors were made, and RT to detect the
target probe was measured. A second methodological differ.
ence concerns the tasks the participants performed. In those
studies that showed a grouping advantage, the participants
directly reported the presence of the stimulus; for example;
participants reported whether they observed the presence o
the left-sided bracket or arrowhead (Ward et al., 1994) or the
Pac-man shapes in the illusory contour expetiment (Matting-
ley et ai, 1997). In our study, the barbeli only provided the
background context on which the target was superimposed
and participants did not directly report the presence of the
circle. One obvious test of this difference in paradigm
would be to have participants in the barbell paradigm
explicitly report the presence of the target both in the static
and moving conditions in a situation in which the target i
present on only some subset of the displays. If the difference
between the studies is simply a function of task demands, w

would predict that under these circumstances, we would
obtain the grouping effect such that the left of the barbe]
would be better detected when it was connected with the
right of the barbell compared with when the two circles o
the barbell were disconnected. That differences in method
ological procedure can produce different patterns of result
for object- and location-based forms of attention has alread
been suggested by Lavie and Driver (1996). '

tion, attention can be biased in favor of particular reference
‘frames via task contingencies. In the context of neglect,
greater activation of a reference frame results in greater
1evels of reactive inhibition, producing more severe patterns
“of neglect.
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Conclusion

The brain is capable of representing visual informationt
multiple frames of reference, ranging from retinotopic
environment-based, object-centered, and even action
centered frames (Pouget & Sejnowski, 1997; Tipper, Lortie
& Baylis, 1992) It follows, therefore, that attentional”
systems required to select perceptual representations: fo
selective action shouid also be able to access a variety:0
reference frames depending on behavioral goals. Further
more, when those behavioral goals require a response !
information emerging from two frames of reference in-
unpredictable manner, then attention must gain access 0
both frames. i

Evidence from single-unit recordings with nonhum
primates demonstrates that these different represematipp
are all mediated by neurons in parietal cortex (Anderse
al., 1997; Colby, 1998; Olson & Gettner, 1998). The findi
reported here confirm that, following a lesion to paricf:
cortex, information appearing on the relative left define
with respect to multiple reference frames is less:}
attended and selected than is information on the f_igh
Specifically, unilateral neglect, assumed to be a patholog
attention, has been revealed in both location-based: an
object-centered frames of reference simultaneously. Furthe
more, as predicted by contemporary models that emphast
competition as the neural mechanism that instantiates sele
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