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Abstract

We report on a patient who complained of reduced awareness in the left visual field, but showed no visual neglect or extinction in clinical
testing. By MR scanning, the brain damage was localized to the right basal ganglia, also involving structures in right frontal cortex. Using
psychophysical testing and mathematical modeling based on Bundesen'’s theory of visual attention [TVA; Psychol. Rev. 97 (1990) 523],
the patient’s subjective experience of attentional disturbance was confirmed, and the deficit was specified into several components. At very
short exposure durations, two effects were shown. The detection threshold was elevated, particularly in the left visual field, and stimuli in
this side were given less attentional weight. In addition, the capacity of visual short-term memory (VSTM) was markedly reduced in both
visual fields. The robustness of the test results was evaluated by bootstrap analysis. The study demonstrates the sensitivity and specificity
gained by combining psychophysical testing with TVA modeling in the analysis of visual attention disorders. Extending the results of a
pioneer study of parietal neglect patients by Duncan et al. [J. Exp. Psychol.: Gen. 128 (1999) 450], this study demonstrates the strength of
the method in a single case, with a lesion outside parietal cortex, and only minor clinical symptoms.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction parietal cortex. Using the experimental techniques of whole
and partial report, Duncan et al. was able to estimate a range
Most studies of visual neglect and extinction have tested of central attention parameters in the patient group. Besides
patients with marked clinical deficits. In this article, we in- demonstrating the analytic specificity of their method, Dun-
troduce a method capable of describing patients who havecan et al. also made some original observations. First, they
only minor attentional problems. The method is based on showed that there was a large bilateral component to the sup-
Bundesen'’s theory of visual attention (TVR)-6]. TVA in- posedly “unilateral” neglect syndrome. The patients’ storage
tegrates a large part of the basic experimental research on atcapacity of visual short-term memory (VSTM), as well as
tention[8], and accounts for findings from diverse paradigms their rate of visual encoding, was markedly reduced in both
such as single-stimulus recognition, whole report, partial re- visual fields. Second, although the patients’ sensory function
port, detection, and visual search. A neurophysiological in- was compromised, especially in the left visual field, selec-
terpretation of TVA is underwal7], and the model has been tivity for targets versus distractors was preserved. Encour-
integrated with theories of memory, categorization, and ex- aged by these findings, Duncan et al. urged for the method'’s
ecutive function[32,33]. Given its strength in the field of  application to other patient groups. The present study takes
basic cognitive research, TVA should also be relevant to the this request as its starting point.
clinical study of attention deficits. In a pioneer study, Duncan ~ Our study reapplied the experimental design developed
et al.[16] showed that the TVA model, in conjunction with by Duncan et al[16], but extended the scope of their in-
tailored experiments, can indeed be used for accurate meavestigation. Instead of a group of parietal neglect patients,
surement of attention deficits. Duncan et al.’s choice of pa- an in-depth study was made of a single patient with a lesion
tients was typical for a study of attentional disorders: visual confined to frontal and subcortical structures in the brain.
neglect patients with lesions involving the right posterior The patient showed no neglect in standard clinical tests,
but still complained of reduced awareness of the left side.
* Corresponding author. Tekt45-35-32-87-98. Accordingly, the aim of the study was to characterize this
E-mail addressthomas.habekost@psy.ku.dk (T. Habekost). “subclinical” attention deficit and to explore the importance
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of anterior anatomical structures for the attentional param-

eters defined by TVA. To ensure reliable results from just

one patient, we sought to improve Duncan et al.’s method-

ology on several points. To gain precise anatomical knowl-
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display; if the stimulus presentation had been unmasked, an
additional effective exposure duration pfms should have
been added ta {1p). The rate parametey, can be described
as the “speed” at which elemextaces toward VSTM. At

edge of the lesion, an MR scan of the patient’s brain was ¢ = g, v, is the slope of the function relating the report
made 16 months post-insult, at the same time as the experiprobability P, to the exposure duratianWhenx is the only
mental testing. Furthermore, to control for sensory loss, we object in the visual fieldy, equals thesensory effectiveness

included a perimetric investigation. Most importantly, in our
TVA model fitting and theoretical discussions, we paid spe-

cial interest to perceptual effects near stimulation threshold.

This was not an issue in the article of Duncan et al., but
proved to be an important refinement of their analysis.
The TVA model fitting procedure used to analyze the

results was basically the same as that employed by Dun-

can et al.[16]. We refer to this article for mathematical

of objectx, s,. The sensory effectiveness of an object de-
pends on such factors as stimulus discriminability, contrast,
and retinal eccentricity.

Both sensory effectiveness,, and minimal effective ex-
posure durationtp, can be estimated from a curve showing
how report probabilityP, increases as a function of expo-
sure duratiort when objecix is presented alone. The prod-
uct of s, and ¢ — o) is the accumulated sensory effedt)

details. However, as a new element we added a statisticalof objectx at timet,

meta-analysisbootstrapping[18], to characterize the un-

certainty related to each estimate produced by the model” *

fitting. The bootstrap analysis provided information that is
rarely available in psychological studies: a quantitative esti-
mate of the reliability of each test result. To our knowledge,

the method of bootstrapping has not been used for this pur-

pose before in neuropsychological research (bufls&gfor

bootstrap analysis in neuroimaging). The mathematical de-

tails of the bootstrap analysis can be foundiippendix A

To readers unfamiliar with TVA, the basic ideas of the the-
ory are presented in the next section (see El$for a more
detailed description and empirical support for the theory).

1.1. Theory of visual attention (TVA)
In TVA, attentional selection of a visual objegtcon-

sists in encoding the object into visual short-term memory
(VSTM). Objects in the visual field can be processed in par-

(2)

Some experimental designs, such as the partial report exper-
iment in the present study, provide estimatesApmwithout
providing separate estimates frandtg. In such cased,

may be taken as an indirect measure of sensory effectiveness
if the effective exposure duration is kept constant.

Consider, next, the processing of a display consisting of
multiple stimuli. In this case, the processing rate of object
(vy) depends not only on the sensory effectiveness of object
X (s¢) but also on the relative attentional weight of object

Wy

(wX/ZzeSwZ):
Uy =S l=—— ).
(Zzeswz)
As Sdenotes the set of all objects in the visual field, the rela-

tive attentional weight of objeatis the attentional weight of
X (wy) divided by the sum of the attentional weights across

Ay = 5,(t — 19).

(3)

allel, and the objects that are selected (and, therefore, can ball objects in the visual field)_ . qw).

reported) from a briefly exposed visual display are those ob-

In TVA, the processing capacifyC, for any given display

jects whose encoding processes complete before the sensorig defined as the sum of allvalues in the display:

representation of the display vanishes and before VSTM has

been filled up with other objects. Thus, objects in the visual
field compete for encoding into VSTM, and the competition

C= sz.

zes

(4)

is a race. In normal subjects, the storage capacity of VSTM Thus,C is a measure of the total rate of information uptake

is limited to K objects, whereK is about 4, so up to four
objects can be reported from a brief disp[&4,52,53,57]

Consider, first, the processing of a stimulus display con-
sisting of a single object. Suppose is displayed fort ms
and immediately followed by a mask. In TVA, the time taken
to encodex into VSTM is exponentially distributed. Specif-
ically, the probability that object gets encoded into VSTM
equals

P, =1 — exp[—v:(t — t0)]. 1)

In Eq. (1) to denotes theninimal effective exposure dura-
tion, below which information uptake from the display is
assumed to be zero, and the equation presupposes that
to. Typical estimates foty are about 20 ms. The difference
(t — o) is the effective exposure duratioof the stimulus

(in objects per second). For displays consisting of objects
with the same sensory effectiveness, Eqs. (3) and (4)
imply that C is constant across variations in both the num-
ber of objects in the display and their attentional weights.
Thus, when sensory effectiveness is kept cons@ntay

be regarded as a fixed total processing capacity divided
among the different objects in the display, and the weight
ratiow,/) _.qw, may be regarded as that proportion of the
total processing capacitg that is allocated to elememnt
When sensory effectiveness varies between objects in differ-
ent parts of the visual field, separate estimates of process-
ing capacityC (and storage capacitit) may be obtained

for different parts of the visual field (e.g. for the left versus
the right-visual hemifield). This procedure was used in our
whole report experiment.
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In some tasks (e.g. partial report), the subject is required Table 1

to focus on target objects but ignore distractors. In order GL: neuropsychological test scores

to perform such tasks efficiently, the attentional weights for pigit span forwards 5

targets should be higher than for distractors. The ratjo (  Digit span backwards 3.5

between the weight of a distractandisyracto) and the weight ~ Corsi block tapping forwards 5.5

of a target (uiarge) is @ measure of the efficiency of selection; SO'S! Plock tapping backwards 35
9 targe y * Trail making A (s) 41
Wdistractor Trail making B (s) 88

(5)

39

190, one error (lower left quadrant)
116, one error (lower left quadrant)
18/20 correct

Digit symbol
Mesulam letter cancellation (s)
An « value of 1 represents nonselective processing, whereagviesulam figure cancellation (s)
a value of 0 indicates perfect selection. If distractor and Street completion test
target weights are pooled across all positionsy @stimate
pertaining to the whole display can be obtained. However, as
with C andK, parametew can also be estimated in separate function had been noted during the rehabilitation program,
parts of the visual field, if the pooling of weights is done including a tendency to work haphazardly and uncorrected.
over only the region in question. GL was able to concentrate well for a single task, but had
difficulty at managing more complex situations. However,
visual or visuo-constructive problems were not found. In
particular, in the course of several neurological and neu-
ropsychological examinations, GL had not been shown to
suffer from visual neglect (even on the demanding Mesulam
cancellation tests). Neither did she have hemi- or quadran-
2.1.1. Case report tanopsia, which we tested for using a perimetry program
GL is a left-handed Caucasian woman, who was 34 yearsdeveloped by Kasten et a28,29] In spite of this, she
old at the time of testing. Before her brain injury, GL worked occasionally complained of reduced awareness of left-side
as an office assistant. She has corrected-to-normal vision.stimuli, for example when moving about in city traffic.
Twelve months prior to the examination reported in this  In relation to the present study, GL was MR scanned (in
study, in April 1999, GL had a cerebral hemorrhage. An August 2000, 16 months post-insult) using a 1.5 T scanner.
acute CT scan showed damage in the region of the right syl- The scan showed a lesion involving both frontal and subcor-
vian fissure. An MR scan conducted five days later revealedtical structures in the right side of the brain.Fig. 1, GL's
that the right basal ganglia were also affected, and that abrain is shown (from top to bottom) in sagittal, transversal,
cavernous angiom in the right frontal region had caused and coronal views, and the location of the lesion is indicated
the hemorrhage. Nine days after admission to the hospital,by arrows. The sagittal and coronal images were acquired
the angiom was resected, and the artery closed with metalusing a T1-weighted sequence, and the transversal image
clips. Post-operative recovery was uncomplicated, althoughwas acquired with a T2-weighted sequence. In the transver-
initially characterized by fluctuating awareness. Neuropsy- sal and coronal slices, the left side represents the right
chological examination one month post-insult revealed mod- hemisphere (marked by “R”). The scan shows a combina-
erate cognitive deficits, affecting the domains of memory, tion of hemorrhage sequela and damage secondary to the
concentration, psycho-motoric tempo, and executive func- neurosurgical resection of the angioma. Damage related to

Wtarget

2. General method

2.1. Participants

tioning. Impaired insight was also noted. In addition, GL's
motor function was compromised by a mild strength reduc-
tion in the left arm, and also from a congenital strength re-
duction in the right arm. However, there were no signs of
aphasia, and visual problems were not reported.

Five months later, GL was accepted for an intensive
rehabilitation program at the Center for Brain Injury Re-
habilitation in Copenhagen. The initial neuropsychological

the bleeding is centered in an area located by the head of the
caudate nucleus, also affecting parts of the internal capsule
and the putamen (see sagittal and coronal views). By the
medial frontal gyrus and the upper part of the inferior frontal
gyrus, an operation cavity protrudes into a subcortical area
of cavity, hemorrhage sequela, and metal clips (see transver-
sal view). Around the operation cavity and the hemorrhage,
there is a small brim of gliosal changes in the white matter.

examination at the Center generally confirmed the above In summary, GL'’s lesion was confined to the right side of

mentioned deficits, although insight was improved. In the
period from February to May 2000, GL participated in a
full-time rehabilitation program. During the last month of

the brain, and involved both the anterior basal ganglia and
the immediately overlying white matter and frontal gyri.

this program, she was also tested in the present study. At2.1.2. Control group

the end of the rehabilitation program, a neuropsycholog-

Eight neurologically healthy control participants (six fe-

ical report concluded that the above mentioned cognitive males, two males) were also tested. The control partici-
problems persisted to a moderate degree (see testing scorgzants were matched to GL for age (mean age: 31 years,
in Table 1. In particular, problems concerning executive range: 27-42 years). All participants in the control group
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They were run on an IBM-PC compatible computer with a
VGA monitor. The refresh rate was usually 100 Hz, but in
some cases adjusted to 60, 90, or 120 Hz to obtain specific
exposure times. The distance between the monitor and the
eyes of the subject was approximately 70 cm. At the begin-
ning of each experiment, participants were given a standard-
ized instruction, repeated when needed during practice trials.
The requirement of central fixation at the start of each trial
was strongly emphasized. In initial sessions, eye movements
were monitored by the experimenter. As no problems were
detected for any participant, including GL, the importance
of central fixation was simply repeated at regular intervals
during the remaining sessions. In general, when compliance
with the fixation instructions was directly tested, it appeared
to be excellent, and no findings from the experiments sug-
gested any failures to obey the instructions.

When the participant said “Cross!” (indicating fixation
on the central fixation cross), the display was initiated
with a button press by the experimenter. The fixation cross
disappeared immediately, and following a 100 ms gap, the
stimulus letters were displayed for a prespecified exposure
time. Letters were either red or green, with colors selected
for approximately equal reportability. The luminances of
the red and green colors were 2.1 and 3.9 é&dl/raspec-
tively. The letters were shown on a black background.
Vertically every letter subtended 0.f visual angle. In
each trial, letters were drawn without replacement from the
set ABEFHIKLMNPRSTWXYZ. The display was either
followed by an empty black screen or a pattern mask ex-
posed for 500 ms. The mask consisted of separate, white
characters, one in each possible display location. Each
Fig. 1. MR scan of GL's lesion. mask character consisted of an open square? Gi7Beight,
inside which all 18 stimulus letters were superimposed.

Following the display, the participant reported the letters
she/he was “fairly certain” of having seen. Guessing was
discouraged. Responses were nonspeeded, and letters could
be reported in any order. The report was then typed into a
computer by the experimenter. Trials were given in blocks of
24 (whole and color report) or 32 (partial report). A typical
2.2. Stimuli and general design experimental session consisted of 5-7 testing blocks after

an unscored warm-up block. If the number of erroneously

Before the experiments, informed consent according to reported elements exceeded 3 or 4 in a block, indicating
the Declaration of Helsinki Il was obtained from all partici- too liberal reporting criteria, the participant was instructed
pants. The experimental program consisted of whole report,to be more cautious. The proportion of erroneous responses
partial report, and color report. The experiments were de- (intrusion errors) was generally low (around 5-10%), and
signed according to the description in Duncan efld]. All similar between GL and the control group. To avoid fatigue,
participants completed the elements of the program in the not more than 300 trials were conducted in one session, and
same sequence. Testing was divided into sessions of 30—4%essions were always scheduled on different days. To control
min and completed in 11-14 sessions per participant, sched<or practice effects, all subjects completed approximately the
uled within three months. All testing sessions were run by same number of trials. However, apart from improvement in
the same experimenter. At the end of the experimental pro-the initial practice sessions, practice effects on performance
gram, all participants were given neuropsychological tests, were negligible. The full experimental program consisted of
including Mesulam cancellation tests for visual neglect. In 1360 scored trials plus about 500 unscored trials for warm-up
addition, computer perimetrig28,29] were conducted. and calibration of individual exposure times (due to an error

The experiments were conducted in a semi-darkened roomof administration, GL did 24 trials more than scheduled in
at the Department of Psychology, University of Copenhagen. whole report and 24 fewer in color report).

had normal or corrected-to-normal vision. None of the par-
ticipants had any previous experience with tests involving
recognition of briefly presented stimuli. They were paid for
their participation.
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3. Experiment 1: Whole report above the participant’s perceptual threshgl@.e. the expo-
sure duration at which the score dropped to zero). The sec-
TVA assumes that visual attention distributes a limited ond exposure duration was intermediate between the other
pool of processing resources over the visual field. Accord- two, but closer to the lowest value to capture the early, sharp
ingly, a logical first step in investigating attentional function rise in the whole report function. This way, the letter col-
is to estimate the amount of available processing capacity.umn was shown under 12 different conditions: 2 sigle3
Whole report is a classical experimental procedure for the exposure durations 2 mask conditions. Every trial type oc-
study of attentional capacity8,52,53] The procedure pro-  curred twice in each block, in random order. Overall, 40 tri-
vides estimates of the total amount of information that can be als were conducted per experimental condition (by an error
perceived from a brief visual display as a function of expo- of administration, patient GL performed 42 trials per condi-
sure duration. Perception is measured by nonspeeded verbaion). GL’s three exposure durations were set at 60, 120, and
report. In the context of TVA analysis, whole report permits 200 ms. For each of the eight control participants, the three
estimation of two central parameters of attentional capacity: exposure durations were set in the range 30-50, 90-100, and
the rate of visual encoding;, and the storage capacity of at 200 ms, respectively.
visual short-term memor¥. In addition, a third parameter
is estimatedtp, the minimal effective exposure duration or 3.2. Results
perception threshold. This parameter did not receive special
interest by Duncan et dl16], but the present study demon- The TVA fits to the observed probabilities in each of the
strates its neuropsychological significance. Since GL had al2 experimental conditions were fairly close. For GL, the
unilateral lesion and complained of attention problems in Pearson product-moment correlation coefficienbetween
one side of the visual field, her attentional capacity (as well observed and predicted probabilities was 0.96, and for par-

astop) was estimated separately on the left and right. ticipants in the control group, the averageas 0.95 (range:
0.92-0.98). Fits could probably be improved by running
3.1. Method more trials per condition50], but still, very clear results

emerged. The performances of GL and a typical control par-

In each trial, a column of five equally spaced letters was ticipant (SW) are shown ifig. 3
displayed. The column was centered on the horizontal merid-  Both GL and the participants in the control group exhib-
ian and measured 7.%ertically. The center of the column  ited a qualitative pattern of performance known from other
was located 33Beither to the left or right of fixation. Let- ~ Whole report studie¢9,16,50,52] Below a certain mini-
ters were either all red or all green, the color shifting every mal effective exposure duratiota, no letters were reported.
10 trials. The participant was instructed to name as many asAPove this exposure duration, the curve rose sharply, grad-
possible (se€ig. 2). ually flattening out over the course of a few hundred mil-

Three different exposure durations were used for each par-liseconds. Given long enough exposure time, performance
ticipant. Individual exposure durations were selected to char- Seemed to approach an asymptotic value, usually interpreted
acterize both the early and the late part of the participant’s @s the maximum storage capacity of visual short-term mem-
whole report function. To avoid eye movements, the longest OrY [54]. While showing this familiar patterrfig. 3 also
exposure duration was set to 200 ms for all participantsl exemplifies the Striking quantitative difference between GL
However, performance was not expected to reach the maxi-and the control participants. For GL, the whole report func-
mum capacity of the participant’s visual short-term memory tion begun its ascent at a later point (especially in the left
with effective exposure times below 300-400 ms. Therefore, Side), the slope was more shallow, and the asymptotic value
half of the displays were unmasked, resulting in a longer ef- Was lower. These deficits were accurately captured by the
fective exposure duration due to the afterimage effect. TVA Parameter estimates shownTiable 2
assumes that the prolongatign,is constant across exposure  1he standard errors of each estimate, as revealed by the
conditions; . is typically estimated at a few hundred mil- bootstrap analysis of the fits (cAppendix A), are also
liseconds. The two shortest exposure durations varied fromshown inTable 2 These figures permit an evaluation of the
participant to participant and were calibrated in an initial reliability of each test result. The bootstrap analysis indi-

practice session. The lowest exposure duration was set jus€ated that the fits were robust. For example, the standard
errors related to GL'K estimates were less than 0.1, and

the standard errors of GLE estimates were in the range of
1-2sL. Fig. 4 shows how the bootstrap estimates of GL’s
Ciright value were distributed. The bootstrap estimates were
close to normally distributed around tlevalue found in the
original fit, 14 s, with a fairly small variance. In general,
the distributions of bootstrap estimates of the parameters ap-
Fig. 2. In whole report, a column of five letters was flashed either to the Proached normal distributions as the number of bootstrap
left or right of fixation. repetitions was increased.

X m>NZ
+
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Fig. 3. Whole report performance for patient GL (upper panels) and a typical control participant SW (lower panels). Each panel shows the mean number
of correctly reported letters as a function of exposure duration, separately for the left (left panels) and right (right panels) visual fieldsv&slid c
represent maximum likelihood fits to the observations. Estimates of visual short-term memory cEpactynarked by a horizontal line, atgldenotes

the visual threshold.

Table 2

Whole report: model parameters

Participant Kieft Kright Ceft Cright tolett torigh

Patient
GL 2.2 (0.08) 2.2 (0.07) 12 (1.2) 14 (1.5) 56 (3.1) 44 (7.9) 126 (17)

Controls
MT 3.4 (0.07) 3.5 (0.10) 25 (2.2) 22 (1.8) 2 (4.0) 1 (4.4) 148 (14)
sw 3.5 (0.15) 3.7 (0.16) 21 (2.3) 29 (3.4) 13 (7.1) 14 (5.5) 120 (16)
KH 3.2 (0.16) 3.5 (0.16) 36 (6.6) 33 (2.8) 41 (6.5) 45 (1.9) 119 (14)
IH 3.3 (0.36) 3.3 (0.25) 14 (2.3) 14 (1.1) 4 (6.8) 2 (4.7) 165 (15)
cB 3.2 (0.31) 3.5 (0.15) 16 (1.8) 16 (1.3) 36 (5.7) 33 3.7) 152 (14)
cP 3.9 (0.12) 4.0 (0.07) 16 (1.2) 19 (L.5) 0 (4.7) 5 (5.4) 168 (15)
AL 4.5 (0.36) 4.8 (0.30) 29 (2.5) 32 (2.5) 30 (4.0) 28 (3.5) 129 (10)
AN 2.4 (0.08) 2.7 (0.13) 17 (1.6) 16 (1.5) 1 (4.0) 5 (5.0) 127 (17)

Note—Kieft, Kright: visual short-term memory capacity (number of elements) measured in left- and right-visual fields, respeCiixel@yign:: total
processing rate (elements/s) measured in left- and right-visual figlgis; toright: minimum effective exposure duration (ms) in left- and right-visual

fields; w: additional effective exposure duration for unmasked displays (ms). Standard errors of each estimate are given in parentheses (as estimated &
200 bootstrap repetitions).
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In the control group, the mean valuestggs and torignt
were 16 and 17ms, respectively.[5 = 17ms in both
cases). GL'4gjeft value was 2.3S.D. above the control group
mean, and hetorignt value was 1.6S.D. above the mean.
Furthermore tgeft Wwas higher for GL than for any of the
eight control participantsK < 0.01 by a one-tailed binomial
test), andtoright was higher for GL than for seven out of
the eight controls # < 0.05). Thus, GL'’s visual threshold
clearly was elevated in both sides.

In the control group, the twty values were highly cor-
related across participantss(= 0.80, P < 0.01), and the
absolute value of the difference between an individutl's
values was on average only 2.8 ms§S= 1.5ms). In con-
trast, the difference between GL'’s twpvalues was 12 ms.
This difference should be evaluated in light of the (bootstrap)
standard errors related to GL's estimatesoft andtorignt.

3.1 and 7.9 ms, respectively. By a one-taitetgst (df. =
200), the difference between GL’s tvig values just failed

to reach significanceR = 0.08). In conclusion, GL'’s visual
threshold was generally elevated, but with a nonsignificant
tendency towards a higher threshold in the left visual field.

To decide whether the parameter estimates for GL differed  Judging from the parameter estimate<CoK, andtp, lat-

significantly from estimates for the controls, statistical anal- eral differences in the control group were small and inconsis-
yses were made. In the control group, the average value oftent across participants. However, analysis of the 3840 “raw”
Kieft was 3.4, and the average valuegfyht was 3.6 (D. = reports revealed a small, systematic difference between vi-
0.6 in both cases). These values agree well with previous es-sual fields. For control participants, the average score in the
timates of the capacity of visual short-term memory in young right hemifield was 1.87, compared with 1.73 in the left

subjectg50,52,57] Furthermore, th&jest andKjight values

were similar for each participant: the Spearman’s rank cor-

relation coefficientrs, was 0.88,P < 0.01. Thus, for each
control participant, the capacity of visual short-term mem-

hemifield. Due to the large number of observations, the dif-
ference was highly significantP(< 0.001). The finding is
consistent with previous studies showing a slight left hemi-
sphere advantage for perception of lettg86]. However,

ory was nearly the same in the two visual fields. In the case since we are dealing with raw scores, it is not possible to

of GL, theKjert andKiignt values were very nearly identical
to each other. However, GL'Kjeft and Kijgnt values were

say whether the minor lateral asymmetry was related primar-
ily to speed of processindgj, capacity of visual short-term

2.0S.D. and 2.4S.D. below the control group mean, respec-memory K), or minimal effective exposure duratiotyp).

tively. Furthermore, GL'Kert andKiign values fell below
the values of every control participant (in either caBes
0.01 by a one-tailed binomial test). Thus, the capacity of
GL'’s visual short-term memory was markedly reduced for
stimuli in both visual fields.

In the control groupCiert and Cright values averaged 22
and 2351, respectively. The values @t andCight were
strongly correlated across participants= 0.92, P < 0.01.

As with theK values, symmetric capacity in the two visual
fields was indicated. Th€ estimate of GL was lower
than herCiign¢ estimate, but just as in the control group, the
difference was small. GL'€jef; estimate was below every
control participant's P < 0.01 by a one-tailed binomial
test), and only control IH had a lowél;ign: estimate than
GL (P < 0.05 by a one-tailed binomial test). However, the
variabilities of bothCiert and Cyigne were quite high in the
control group. Therefore, th€est and Cyignt values of GL
deviated only 1.3S.D. and 1.1S.D., respectively, from the
mean of the control group. Although being at the low end
of the nine estimates, GL'€ values were only moderately
reduced.

3.3. Discussion

3.3.1. The neural basis of VSTM deficits

The whole report experiment revealed a large, bilateral
reduction of visual short-term memory capacity in GL.
Compared to the normal capacity of 3—4 items, GL could
encode and retain only about two items simultaneously.
The finding is similar to that of Duncan et 4l6], who
found reduction of VSTM capacity in a group of parietal
neglect patients. Duncan et al. suggested that reduction in
VSTM capacity is a component of the neglect syndrome.
This conclusion is in agreement with a preliminary report
by Peers et al[40], which suggests that in case of damage
to the posterior cortex, VSTM deficits occur less frequently
after superior parietal lesions than after damage to the in-
ferior parietal and superior temporal cortex. Neglect has
been related to both the inferior parietal lofa®] and the
superior temporal gyruf?7]. However, GL did not have
neglect, and her lesion did not involve the posterior part
of the cortex. This indicates that VSTM deficits may also,
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besides being related to parietal and temporal lesions, resulthe left and right. It seems that GL's rate of visual encod-
from other types of brain damage. In particular, the study ing, although generally low, was not specifically reduced in
of GL points to the importance of the right basal ganglia the left side. This symmetry was surprising, given her com-
and the immediately overlying white matter and frontal plaints of attention problems in the left side. However, near
gyri for the capacity of VSTM. However, the finding also the temporal threshold for perceptidg the results indi-
makes clear the need for more studies of VSTM capacity cated a lateralized deficit. Whereas control participants had
in patients with damage to the anterior parts of the brain. practically identical values in the two visual fields, Gligs
value was 12 ms higher in the left visual field, representing

3.3.2. The merit of whole report a 27% increase. With heZ andK values close to identical

In their investigation of VSTM capacity in normal sub- in both sides, GL's symmetrical performance in the whole
jects, Vogel et al[57] criticized the method of whole report.  report experiment seemed to break down at exposure times
They argued that whole report does not provide a pure esti-near threshold. However, the effect failed to reach signifi-
mate of VSTM capacity since it relies on verbal report of the cance. To investigate GL’s near-threshold performance more
visual memory trace. Whole report estimates of VSTM ca- thoroughly, the partial report experiment introduced more
pacity could therefore include contributions from both verbal experimental conditions at very short exposure durations.
and visual memory systems, thereby inflating the estimate.
On the other hand, it is also possible that the verbal recod-
ing might not carry over all items in VSTM, thus leading to 4. Experiment 2: Partial and color report
artificially low estimates of VSTM capacity. Instead Vogel
et al. used match-to-sample tests, which do not require a ver- In the investigation of attentional function, partial report
bal recoding operation. Whereas the criticism of Vogel et al. forms the natural complement of whole report. Whereas
seems valid in principle, it does not affect the conclusions of whole report estimates the total attentional capacity, par-
the present study. Control subjects Héaastimates around  tial report measures how this capacity is distributed across
3—4 objects, which is closely in line with the results found by objects in the visual field. In TVA, this corresponds to
the alternative method of Vogel et al. Thus, it seems that the the concept ofveighting In the partial report experiment,
added requirement of verbal recoding did not alter VSTM es- two aspects of attentional weighting were estimated: the
timates. As for the demonstration of a marked VSTM deficit task-relatedweighting of objects designated as either tar-
in GL, this finding also seems robust. GL was not aphasic gets or distractors and thepatial weighting of objects in
and should have had no more difficulty with verbal recoding each of the four visual quadrants.
of the visual impression than control subjects. Also, her ver-  In TVA the probability of perceiving an object depends
bal short-term memory span was so large (five items) that not only on its relative attentional weight but also on the sen-
limitations in this store cannot account for the fact that she sory effect of the object (accumulated during the effective
could report only about two items from the visual display. It exposure duration). To obtain measures of sensory effects
should also be mentioned that our whole report method has(independent of attentional weighting) in separate parts of
an important advantage over the match-to-sample test usedhe visual field, the partial report experiment included condi-
by Vogel et al.: our whole report experiments provide much tions in which only one stimulus was presented. Extending
more information about the encoding process, especially itsthis investigation of basic sensory function, a color report
time course. This permits estimates of important attentional experiment was also included. This experiment estimated

variables related to VSTM, such &sandty. sensory effects of color, instead of letter identity, in each
of the four visual quadrants. Since targets and distractors in
3.3.3. Bilaterality of attentional deficits the partial report experiment were defined by color, it was

One of the remarkable findings of Duncan et[&6] was necessary to determine whether a lack of discrimination was
that, even though their neglect patients had a clear, lateral-due to sensory rather than attentional deficits.
ized attention disorder, the reduction of VSTM capacity was  In partial report, we chose to study not only left—right
strictly bilateral. As this article will make clear, GL also had differences, but also differences between the upper and
a lateralized attention disorder, albeit more subtle. In this lower parts of the visual field. Visual neglect has been
sense, her bilateral VSTM deficit can be seen as a replica-reported to be more severe below the horizontal meridian
tion of Duncan et al.’s finding. On the basis of the present [21,31,47] and we wanted to investigate whether this effect
evidence it may be hypothesized that damage to VSTM is was also present in a patient with subtle attention problems
typically nonspecific, reducing capacity uniformly in the vi- such as GL.
sual field.

Turning toC, GL's rate of visual encoding was only mod- 4.1. Method
erately reduced. Although the mean value®fvas lower
for GL than for any of the eight controls, the reduction in 4.1.1. Partial report
C was modest considering the large variability in the con-  The partial report experiment comprised 40 testing blocks.
trol group. Also, GL'sC values were almost the same to Each testing block consisted of two subblocks of 16 trials
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N A independently for each testing block. As in partial report,
a post-masked, individually set exposure duration was cali-

+ + brated in a practice session, aiming for 75% correct. In the
7 actual experiment, patient GL scored 62%, whereas partic-

ipants in the control group scored 70% on average (range:
Fig. 5. In partial report, either one or two letters were flashed in separate 60—88%). For most participants, the exposure duration was
quadrants. Target stimuli were distinguished from distractors by color (red slightly briefer than in partial report. GL's exposure dura-
vs. green). tion was set at 40 ms, and the exposure durations for control
participants SW, CP, MT, IH, AN, KH, AL, and CB were
each, one subblock for each of the two target colors (red 30, 30, 30, 30, 33, 40, 40, and 50, respectively.
and green). Preceding each subblock, a rectangle in the tar-
get color was displayed. Participants were given 5-10s t04.2. Results
memorize the target color before continuing the experiment.
Letters were then presented at the corners of an imaginary4.2.1. Partial report
square of 3° x 5.0°, centered on fixation. The participant An initial, qualitative impression of the partial report re-
was required to name as many target-colored letters as possults can be gained from some graphical illustratiéng. 6
sible, ignoring distractors. Either a single target, a target shows the mean scores in each experimental condition,
accompanied by a distractor, or two targets were displayedpooled across upper and lower visual fields to bring out
(seeFig. 5. When two letters were displayed, they were al- left-right differences in performance. The two upper bar
ways arranged in a row or column. Overall, each subblock charts show the performance of the control group. Scores
contained one example of each of 16 trial types: target ap-were very similar in the two visual fields, and the basic pat-
pearing alone in each position (four displays), accompaniedtern of performance replicated that of earlier partial report
by a distractor on the same or opposite side (eight displays,studies[10,14] The score was maximal when the target
four column and four row), and accompanied by another tar- was presented alone. If the target was accompanied by a
get on the same or opposite side (four displays, two column distractor, performance showed some decline. If the target
and two row). The sequential order of the 16 types of trials was accompanied by a second target, the score decreased
was randomized independently for each subblock. The 16 considerably. The decrements appeared to be stronger when
trial types covered 20 experimental conditions: for each of the target was accompanied by a stimulus on the same side
the four trial types with two targets, performance could be than when the target was accompanied by a stimulus on the
separately analyzed for each of the two targets. This way, opposite side.
five conditions for each of the four stimulus locations were  GL's performance also conformed to this pattern, with
produced: target alone, target accompanied by a distractordistractors causing some score decrement, but targets more
in same or opposite side, and target accompanied by a targeso. However, unlike the nearly symmetrical performance
in same or opposite side. of the control group, GL had marked differences between
Only one duration of stimulus exposure was used for each the left- and right-visual hemifields. Targets presented alone
participant, and stimulus exposures were immediately fol- were much less reliably perceived in the left visual field.
lowed by masks. The exposure duration was set in an initial Furthermore, perception of right-sided targets was not much
practice session, aiming for 75% correct on trial types with affected by distractors or targets in the left visual field.
a single target. In the actual experiment, GL scored 79% Performance was nearly the same under these conditions
in these trial types, whereas the mean score of the controlas for singly presented targets on the right. In contrast,
group was 78% (range: 54—88%). GL’s exposure duration the perception of left-sided targets was subject to consider-
was set at 60 ms, and the exposure durations for control par-able distraction from stimuli in both left- and right-visual
ticipants SW, CP, MT, IH, KH, AN, AL, and CB were 33, fields.

33, 33, 40, 40, 44, 50, and 60, respectively. The vertical pooling of scores iRig. 6 masks an impor-
tant difference between the upper and lower visual fields.
4.1.2. Color report Fig. 7 shows the complementary, horizontal pooling of

Display locations were the same in color report as in par- scores across the left- and right-visual fields. Two things
tial report, but only one letter (randomly red or green) was are noteworthy irig. 7. The first is the similarity between
shown in each trial. The participant was instructed to name GL's performance and that of the control group. As mea-
the color of the letter, ignoring its identity. Four experimen- sured on the vertical dimension, GL had a normal pattern
tal conditions, one for each of the possible stimulus loca- of response. The second interesting aspedtigf 7 is the
tions, were used. Sixty trials were run for each of the four general difference between scores in the upper and lower
conditions, and testing was organized in 10 blocks, eachvisual field. Single targets were perceived a little less reli-
consisting of 24 trials (due to an error of administration, GL ably in the lower visual field. More importantly, perception
did only none testing blocks, i.e. 54 trials per condition). of targets in the lower visual field was markedly disturbed
The sequential order of the four trial types was randomized by items in the upper field.
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Fig. 6. Vertically pooled mean scores in each condition of the partial report experiment for the control group (upper panels) and patient GL (lower
panels). Each bar represents the mean score in one of 10 conditions: target presented alone in the left visual field, accompanied by a distractor (D) i
the left field, by a target (T) in the left field, by a distractor in the right field, or by a target in the right field, respectively; and vice versa fomtargets

the right-visual field. Each bar represents the mean of 640 observations (for the control group) or 80 observations (for GL).

Taken togetherFigs. 6 and 7suggest that two inde- wasr = 0.91 in the control group (range: 0.78-0.97) and
pendent factors influenced the performance of GL: a biasr = 0.98 in the case of GL. However, unlike the whole
for upper-field stimuli, which was shared by the control report experiment, the estimatédandw parameters were
group, and an additional bias for right-sided stimuli, which not directly comparable between participants. This is due
was unique to GL. As in the whole report experiment, this to the fact that only one, individually set, exposure duration
gualitative pattern was described quantitatively by TVA was used for each participank values can be corrected
modeling. The modeling produced individual estimates of for individual variations in exposure time by dividing with
target weights and sensory effects (accumulated during(r — o) in each case, yielding directly comparalslgalues
the effective exposure duration) in each of the four visual (cf. Eq. (2). However, a participant’g value cannot be de-
guadrants. In addition, the efficiency of top—down selection termined from performance with a single exposure duration,
(measured by parameter the attentional weight of a dis-  nor can the individualp estimates obtained in whole report
tractor divided by the weight of a target in a given position) be transferred, ag values depend on the specific physical
was estimated in left- and right-visual fields. As in whole properties of the experimental display. Thus, thealues
report, the model fitted the observed data closely. The meancould not be determined exactly to allow direct comparison
correlation between observed and theoretically fitted scoresof sensory effectiveness between participants. As fouthe
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Fig. 7. Horizontally pooled mean scores in each condition of the partial report experiment for the control group (upper panels) and patient GL (lower
panels). Each bar represents the mean score in one of 10 conditions: target presented alone in the upper visual field, accompanied by a distractor (D)
in the upper field, by a target (T) in the upper field, by a distractor in the lower field, or by a target in the lower field, respectively; and vice versa for
targets in the lower visual field. Each bar represents the mean of 640 observations (for the control group) or 80 observations (for GL).

estimates, absolute attentional weights have no meaning inupper versus lower visual fields was computed by the for-
TVA. Therefore, only relative, intra-individual patterns of mulaAyer = Aupped(Auppert-Aiower)- Here AupperandAigwer
performance (e.g. bias to the left versus right, top versus denote the means & values in the upper and lower visual
bottom) could be compared between participants. fields, respectively. Laterality and verticality indices for the
To quantify these differences, a number of indices were attentional weights were similarly computed (for each of the
computed from the “rawA andw estimates in the four po-  four visual quadrants, the attentional weight was defined as

sitions. The first of these was thaterality index, Ajgt = the sum of the weight of a target and the weight of a dis-
Aleft/(Aleft + Aright), WwhereAeqs denotes the mean of the tractor in the quadrant). The results are showable 3
values in the left upper and lower visual field, afgn: is together with the estimated values in the left and right

similarly defined for the right-visual fieldd; is as a mea- side. The standard errors of the estimated parameter indices
sure of lateral differences in sensory effects (accumulatedand« values are also given (as estimated by 200 bootstrap
during the effective exposure duratiom,y; values above  repetitions). As can be seen from the table, the estimates of
0.5 indicate stronger sensory effects in the left visual field, Aindices were robust, with bootstrap standard errors at 10%
whereas values below 0.5 represent better function to theor less of the estimated index value. The accuracy oluthe

right. Similarly, averticality index for the sensory effects in  indices also seemed quite high. The uncertainty related to
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Table 3

Partial report: model parameters

Participant At Aver Wlat Wyer eft Oright

Patient
GL 0.26 (0.03) 0.53 (0.05) 0.31 (0.06) 0.82 (0.06) 0.32 (0.11) 0.22 (0.27)

Controls
SW 0.48 (0.02) 0.55 (0.03) 0.52 (0.05) 0.69 (0.05) 0.31 (0.12) 0.00 (0.08)
CP 0.56 (0.04) 0.62 (0.04) 0.57 (0.07) 0.78 (0.05) 0.51 (0.15) 0.34 (0.24)
AN 0.49 (0.03) 0.55 (0.03) 0.33 (0.08) 0.74 (0.09) 0.23 (0.09) 0.00 (0.03)
MT 0.47 (0.02) 0.50 (0.03) 0.50 (0.07) 0.50 (0.10) 0.00 (0.04) 0.00 (0.03)
IH 0.52 (0.03) 0.66 (0.03) 0.71 (0.07) 0.87 (0.05) 0.28 (0.10) 0.00 (0.11)
CB 0.51 (0.03) 0.53 (0.04) 0.58 (0.06) 0.47 (0.10) 0.00 (0.06) 0.07 (0.09)
AL 0.50 (0.03) 0.53 (0.03) 0.46 (0.06) 0.66 (0.07) 0.23 (0.10) 0.00 (0.06)
KH 0.48 (0.04) 0.58 (0.04) 0.47 (0.10) 0.86 (0.07) 0.35 (0.20) 0.57 (0.43)

Note—Ay,: laterality index of sensory effechyer: verticality index of sensory effecty|y: laterality index of attentional weightingpye,: verticality index
of attentional weightingef:: effectiveness of top—down control of attention in left visual fielggn:: effectiveness of top—down control of attention in
right-visual field. Standard errors for the estimates are given in parentheses (as estimated by 200 bootstrap repetitions).

the o estimates was larger, but it still seems that the values performance in the left side could be attributed equally to

were accurate to one figure (e.g. GL’s treevalue in the
left side was probably around 08 ~0.1).

In the control group, the meafy,; value was 0.50, with
minimal variability (SD. = 0.03), indicating highly sym-
metrical sensory effects in the left- and right-visual fields.
The Aj5; value of GL (0.26) was lower than the value for
any of the eight controlsH < 0.01 by a one-tailed binomial
test), deviating as much as 8S.D. from the control group
mean. Thus, GL had a highly significant difference in the
sensory effects between the two sides. The nfganvalue
in the control group was 0.57, again with little variability

these two factors.

The final parameter of interest in the partial report exper-
iment wasx. As in other investigationgl9], o values varied
considerably in the control group (& = 0.17 and 0.22 in
left and right sides, respectively). In the left side, the mean
« value in the control group was 0.24, and in the right side,
the mean value was 0.12. GLésvalues of 0.32 and 0.22
did not deviate significantly from this. Thus, GL’s capacity
to exert top—down control of attentional selection seemed
generally preserved, at least for color as the target-defining
variable. This finding was remarkable, since the color re-

(S.D. = 0.05). Thus, it seems that sensory effects were a port experiment (see below) showed that GL'’s explicit color

little stronger for stimuli in the upper visual field. GLAer
value of 0.53 was within the normal range.

In the control group, the meanyy value was 0.52, again
indicating symmetric performance in left- and right-visual

perception was much better in the right side.

4.2.2. Color report
In color report, only one stimulus was shown in each trial.

fields. Unlike the results found for the sensory effects, there Accordingly, only sensory effects (of color) were investi-

was substantial variability between participantsD(S=
0.11). Still, thewy value of 0.31 for GL deviated 1.9S.D.

gated, whereas attentional weighting should be irrelevant.
The sensory effects (accumulated during the effective expo-

from the mean of the control group, more than for any other sure duration) were estimated separately in the four visual
participant ¢ < 0.01 by a one-tailed binomial test). We quadrants. As in partial report, vertical comparisons showed
conclude that GL's pattern of lateral attentional weighting slightly better performance with upper-field stimuli for most
was abnormal. Concerning vertical attentional weighting, participants, including GL. However, left—right comparisons
the meanwyer index in the control group was 0.70.(8 = were more revealingTable 4shows the vertically pooled
0.15). GL'swyer value was 0.82, within normal variabil-  Agef(col) andAsight(col) values for each participant. A lat-
ity. ConsideringAver and wyer together, it seems that the erality index defined by ai(col) = Ajert(col)/[ Ajest(col) +
relatively good performance in the upper visual field was Argnt(col)] is also shown.
due to both differences in sensory effect and differential at- The meanAg(col) value in the control group was 0.55,
tentional weighting. This result held for both GL and the with little variation (SD. = 0.05). GL'’s value of 0.16 de-
controls. viated 8S.D. from the mean, indicating a markedly lower
With multiple elements in the visual field, perception is sensory effect for color in the left side. GL’s value was far-
determined by a combination of sensory effects and atten-ther away from the mean of the control group than was the
tional weighting (cf.Eq. (3). GL's A and w values were  value of any other participantP(< 0.01 by a one-tailed
both substantially reduced in the left side. Thus, under con- binomial test). The pattern was very similar to that of the
ditions of bilateral stimulation, left-sided stimuli were at a A estimates in partial report. Thus, at near-threshold expo-
double disadvantage for GL. Since tAg; andwy indices sure durations, GL's ability to categorize single stimuli was
were about the same (around 0.3), it seems that GL’s poorstrongly reduced in the left visual field for both color and
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Table 4 physical stimuli were used, only were the letters shown in
Color report: model parameters slightly different positions and fewer at a time. Therefore, at
Participant Aget(col) Avight(col) Aa(col) exposure durations close to threshold (such as60 ms),
bationt a strong lateral difference in GL's performance should be
GL 0.45 238 0.16 expected. For example, assuming the threshold values of 44
and 56 ms from whole report, the effective exposure duration
Controls . . . .
SwW 201 162 055 (t— tq) in pa_rt|al r_eport would be 16 ms in the left side and
cP 2.44 2.05 0.54 4 ms in the right side. This would resultXwvalues that were
AN 1.27 0.96 0.57 about four times larger in the right side, close to the actual
mT 1.04 0.89 0.54 ratio between GL'# values in partial report. In conclusion,
'(';'B 21% %)'2728 %%; different perceptual thresholds offer a simple explanation for
AL 104 0.85 0.55 GL'’s reduced performance with single stimuli to the left.
KH 1.02 1.13 0.47 As for double stimulation, the partial report experiment

- - - - - showed that GL's attentional weighting of left-side stimuli
Note—Art(col): sensory effect of color in left visual fieldiignt(col): R R ,
sensory effect of color in right-visual fieldya(col): laterality index of was quite low. Due to variability in the control group, GL's
sensory effect of color. laterality index for attentional weighting did not deviate as
strikingly from controls as did her laterality index for sen-
sory effects, but the deviation was still considerable. In fact,
under bilateral stimulation, GL’s skewed attentional weight-
ing contributed about as much to her bias for right-side
stimuli as did asymmetrié values (specifically, asymmetric
4.3. Discussion sensory thresholds) (s¢&6], p. 472, for further discussion

of covariation between sensory and attentional laterality in-

The partial report experiment provided measurement of dexes; also sed9,20,58).
several attentional effects. First, the experiment confirmed Our TVA analysis of the data was based on the assump-
the near-threshold effect found in whole report. Using 640 tion that only the stimulus letters had attentional weights
trials at very short exposure durations (compared to aboutthat were greater than zero. Thus, for a target-alone display,
80 trials in whole report), and a different experimental the singly presented target should be the only object with a
paradigm, GL'’s deficit in perceiving left-side stimuli near positive attentional weight. An alternative hypothesis is that
threshold was firmly established. Furthermore, the experi- not only the (one or two) stimulus letters actually shown on a
ment showed that her deficit in perceiving single stimuli was given trial, but objects (actual stimulus letters or blank areas
exacerbated by distracting stimuli in the right visual field. of space onthe display screen) at all of the four possible stim-
Thus, according to our TVA analysis, there was an attenti- ulus locations had attentional weights that were greater than
onal as well as a sensory factor behind GL's left-side deficit. zero. In this case, the results for a target-alone display would

TVA analysis allowed precise quantification of these two reflect not only the accumulated sensory effect of the target
factors and showed that, under bilateral stimulation, they but also the attentional weighting of the target. [Specifically,
contributed about equally to GL's bias for right-side stim- the results would reflect the product of (a) the accumulated
uli. Although GL did not have extinction in the traditional sensory effect of the target and (b) the relative attentional
sense, this finding bears on the discussion of sensory versusveight of the target (i.ewargetdivided by the sum ofviarget
attentional mechanisms in extinctigh2,23,56] A closer and the attentional weights of the three areas of blank

letter identity. In contrast, control subjects had nearly iden-
tical single-stimulus perception in both fields.

look at theA andw values will clarify this point. space where the target might have appeared).] Similarly, for
two-target displays, the results would reflect not only the ac-
4.3.1. Lateral differences near threshold cumulated sensory effects of the targets, but also the ratios

By Eg. (2) the accumulated sensory effeét\(alue) of a between the attentional weights of the targets and the atten-
stimulus is a product of two factors: the sensory effective- tional weights of areas of blank space at the unused target
nesss, and the effective exposure duration-(zg). On the locations. As in the original analysis, the probability that a
basis of the partial report data, it is impossible to determine given target is correctly reported should be less when the tar-
whether reduction in one or the other factor caused the low get is accompanied by another letter than when the target is
Avalues in GL's left side. However, the evidence from the presented alonal{vided-attention decremerrovided that
whole report experiment points tg. In whole report, GL's the weight of a target exceeds the weight of a blank spaced
C values (which correspond to sumswfalues and are pro-  at an unused target location). However, the divided-attention
portional to thes values) were nearly the same in both sides, decrement predicted by the alternative hypothesis is less than
whereas hety values differed. Due to the experimental de- the divided-attention decrement predicted by the original
sign, the exact values &f in partial report could not be es-  analysis. As the fit between GL’'s data and the predictions
timated, but it seems plausible that the perceptual thresholdsby the original analysis was nearly perfeet=£ 0.98), the
were comparable to those found in whole report. The samedata supported the simple assumption that only the stimulus
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letters had attentional weights that were greater than zero.that clear lateralized attention deficits were found only near
Hence, the data also supported the assumption that theGL’s stimulation threshold may help guide future studies.
results for target-alone displays reflected the accumulatedAttention deficits may appear most clearly under such chal-
sensory effects of the targets but not attentional weighting. lenging conditions for the perceptual system (for related
studies of extinction-like phenomena in normal observers,

4.3.2. Extinction see[43-45)).

On account of her deficit in perceiving single stimuli in
the left side, GL could not be said to have extinction as 4.3.3. Vertical bias
classically defined (i.e. preserved ability to report an iso- GL had a bias towards reporting stimuli from the upper
lated contralesional stimulus, but impaired ability to report visual field, but this tendency was shared by most control
the stimulus when accompanied by an ipsilesional stimu- subjects. For both GL and the control subjects, the effect
lus [23]). Classical extinction implies that only attentional was primarily related to attentional weighting. Single stimuli
weighting between stimuli is affected. However, the no- were perceived alittle better in the upper than in the lower vi-
tion of preserved single-stimulus perception in extinction sual field, butin case of double stimulation there was a strong
patients derives from simple bed-side confrontation tests. tendency to report only the upper stimulus. Thus, it seems
These techniques are probably not sensitive to subtle per-that attentional weights were set higher for upper locations,
ceptual deficits. For instance, preserved ability to detect the whereas sensory effectiveness was more equally distributed.
examiner’s finger movements in the contralesional visual Several explanations are possible for this effect. It could
field [56] does not rule out sensory deficits for weaker stim- simply be related to reading habits: in our culture, we read
uli. As shown in the whole and partial report studies of GL, from top to bottom. However, we also read from left to right,
sensory differences between sides are sometimes evidenbut no systematic horizontal bias was found among control
only near threshold. Even sophisticated experimental stud-subjects (neither in the lower nor the upper visual field).
ies of extinction12] have used stimuli well above threshold Instead a neurological explanation can be proposed. Drain
(e.g. letters exposed for 200 or 500 ms). One may thereforeand Reuter-Lorenfl3] found that normal subjects tend to
guestion whether extinction patients are really as “clean” in bisect vertical lines above the midpoint, and thus to some
terms of sensory function as often presumed. This notion wasextent neglect the lower half of the line (see a[48]).
also challenged by Marzi et dB6] and Smania et a[51]. Furthermore, Drain and Reuter-Lorenz found that the effect
They found that patients with extinction or neglect had pro- was stronger in variations of the task that involved object
longed reaction time for detection of single contralesional recognition. The authors interpreted the results in terms of
stimuli. However, reaction time represents a composite mea-Previc's[46] theory of vertical attention, which claims that
sure of sensory and motor processes, and it is not clear athe ventral pathway of the visual system is mainly concerned
which point in processing the patients’ delay occurred. In with attention to the upper visual field, whereas the opposite
this respect our whole and partial report investigations of holds for the dorsal pathway. Drain and Reuter-Lorenz hy-
GL are more specific. The experiments required no speededpothesized that in the normal brain, the upward bias of the
responses, only nonspeeded verbal reports. Accordingly, ourventral pathway is a little stronger than the downward bias of
results should be less affected by the general slowing of re-the dorsal pathway. Object recognition tasks, which specif-
action that often follows brain damage. Therefore, our in- ically activate the ventral pathway, strengthen this upward
vestigation seems to point more directly to a sensory deficit. bias. The letter recognition task used in the partial report

Extinction, as measured by traditional clinical methods, experiment should therefore produce a significant upward
is known to be relatively common after damage to the right bias in participants (in case of competing stimuli). Also in
side of the brain, at least in the acute stage. In the mostcase of single stimuli, perception should be a little better in
extensive study of such patients to date, Vallar ef%6] the upper visual field. The findings in partial report fitted
found that 46 out of 159 unselected patients had extinction this prediction nicely. Also, GL's normal performance on
(29%). Twenty-five of these had visual extinction (16%). the vertical dimension could be explained by the fact that
However, one could suspect that this represents only the tipher lesion involved neither dorsal nor ventral visual path-
of the iceberg. The study of GL points to the possibility that ways. Thus, the normal strength relation between the two
some patients have mild, persisting forms of inattention that anatomical systems was preserved.
can be revealed only by sensitive psychophysical testing. In GL the normal upward bias combined with a right-
If this is the case, lateralized attention problems after right ward bias, making her perception of stimuli in the lower
hemisphere damage could be much more common than preieft quadrant especially poor. Neglect has often been found
viously thought. Such a large prevalence of extinction-like to be worse below the horizontal meridig®1,31,42,47)
deficits has been predicted by DundaB] on general theo-  which may be explained by similar mechanisms. In parietal
retical grounds (théiased competitiomodel of attention). neglect patients, who have often suffered damage to the dor-
Of course, large-scale group studies are needed to test thisal visual pathway, the upward bias should be even stronger.
hypothesis, but it seems that TVA would provide an ade- Several case studies have found such an effelcd 7], but
guate analytical frame for such a project. Also, the finding to our knowledge a large-scale comparison of vertical bias
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in patients with and without dorsal pathway lesions has not scribed as a reduced tendency to perform movements into
been conducted. the contralesional field (“motor negledB8,23). However,
Recent research indicates that vertical biasing of attentionfrontal neglect may also include perceptual deficits. The na-
may depend on another spatial category: “near” (i.e. within ture of these perceptual deficits was investigated by Husain
hand’s reach) versus “far” space. Pitzalis et[dll] found and Kennard26] in a study of a neglect patient with fo-
that in a group of neglect patients, there were more line bi- cal frontal damage. Husain and Kennard reported that the
section errors in the lower part of space, but only if stimuli severity of neglect varied with the level of distraction in the
were presented in near space. However, the computer screeright-visual field (“distractor-dependent neglect”). This de-
in the present experiment was about 70cm from the ob- pendency was not found in another neglect patient with a
server, and stimuli were not clearly located in either near or combined fronto-parietal lesion. In this case, neglect seemed
far space. It is therefore an open question how the near-farequally severe under all conditions. Husain and Kennard

distinction bears on GL's attentional deficits. therefore suggested that deficits in perceptual processing,
specifically top—down control of attention, is an important
4.3.4. Attentional control component of the frontal neglect syndrome. Furthermore,

The final parameter estimated in the partial report ex- comparing lesions from five patients with frontal neglect,
periment wasx. In spite of a lesion located anteriorly in  Husain and Kennarf25] found a common focus in the dor-
the brain, a type of damage often related to distractability sal aspect of the inferior frontal region and the immediately
[39,60] GL’s « values were normal. In other words she was underlying white matter.
able to focus adequately on targets in the presence of dis- The anatomical region located by Husain and Kennard
tractors. Top—down control of attention thus appeared to be corresponds closely to GL's lesion. However, as measured
normal, at least for selection by color. This indicates that the by Mesulam cancellation tests (which include many distract-
areas lesioned in GL's brain, the right anterior basal gan- ing elements) and clinical behavior, GL did not have ne-
glia and the immediately overlying white matter and frontal glect. This to some extent contradicts the critical importance
gyri, are not critical in performing this kind of selection. of the region located by Husain and Kennard. Still, GL did
The finding is in line with recent imaging studies that have have attentional disturbances that bear on the discussion of
investigated top—down control of attention. Hopfinger et al. frontal neglect and the syndrome’s proposed relation to the
[24] found that voluntary control of spatial attention was inferior frontal lobe. The study of GL confirms that dam-
related to activation in the superior frontal gyrus. Weidner age to this area (and the underlying basal ganglia nuclei,
et al. [59] reported that the fronto-median cortex was se- which are also traditionally related to motor function) may
lectively involved in voluntary shifts of attention between produce attention deficits that are purely perceptual. In both
visual dimensions (i.e. color or motion). Both of the men- the whole report and partial report experiments, stimuli were
tioned anatomical regions were intact in GL. perceived within one fixation (exposure duratierZ00 ms),

The selectivity for color-defined targets was preserved and the tasks required only verbal responses. Despite this,
even in the left visual field, where GL had major difficulties clear visual attentional deficits were found in GL on a range
reporting the colors. This result replicates that of Duncan of measures. These findings strongly support the importance
et al.[16], who found neglect patients to have preserwed of the inferior frontal lobe to visual processing and indicate
values in both sides, despite clearly inferior color percep- that lesions in this area may cause purely perceptual deficits
tion to the left. Duncan et al. concluded that, whereas color in attention. However, contrary to Husain and Kennard’s
identity in the neglected field was not available for explicit hypothesis of distractor-dependent neglect, GL'’s attentional
report, the information was still being used implicitly in the  disturbance did not include distractability for irrelevant ele-
weight setting for targets and distractors. The performance ments. Herx values were normal. Instead, GL's qualitative
of GL provides a second demonstration of this independencepattern of performance in the whole and partial report ex-
between (explicit) color perception and (implicit) attentional periments closely resembled the performance of the parietal
weighting by color. It adds to the growing body of evidence neglect patients in Duncan et §l.6]. However, clinically
that patients with lateralized attention disorders may processher attention problems were less severe and indeed, required
information from the impaired visual field despite being un- special psychophysical tests to be detected. This finding is

able to perceive the objects conscioufgy35,37] in line with a second explanation that Husain and Kennard
[26] left open for their results: that their patient with frontal
4.3.5. Frontal neglect neglect differed quantitatively, not qualitatively, from the

GL’s partial report performance also bears on the under- other patient with a combined fronto-parietal lesion. That is,
standing of frontal neglect. Since the first demonstration by neglect was simply less severe in the patient with the focal
Heilman and Valensteif22], it has been known that frontal  frontal lesion and showed up only on demanding cancel-
lesions can produce symptoms that are similar to the ne-|ation tests with many distractors. Whereas frontal neglect
glect syndrome seen after parietal lesions (§&3, for a patients may have unique attentional deficits with respect to
study of the prevalence of neglect after frontal and basal motor exploration, their perceptual deficits may be similar
ganglia lesions). Traditionally frontal neglect has been de- to, but milder than those of parietal patients.
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5. Conclusion beckfonden. Center for Visual Cognition is supported by a
grant from the Danish Research Council for the Humanities.
This study featured a comprehensive investigation of a
single patient’s visual attention function. The patient, GL,
had suffered a hemorrhage in the right basal ganglia andAPpendix A. Bootstrap analysis
overlying white matter and frontal gyri. These anatomical
structures are usually not thought to be critical for visual ~ The bootstrap is a data-based simulation method for
function, but GL complained of reduced awareness of the Statistical inference, pioneered by Efr{itv] (see[18] for
left side. Standard clinical tests revealed no clear deficits in further developments). One of the main advantages of boot-
visual attention. Instead we demonstrated GL's attentional strap analysis is that it enables estimation of the standard
disorder by way of psychophysical methods and mathemat-error of any given sample statistic. The statistic can simply
ical modeling. In the first of our two experiments, whole be the mean of the sample, but all parameters that can be
report, we measured central parameters of GL's attentionalcomputed from the sample (such as the more complicated
capacity. In the second experiment, partial report, we inves- maximum likelihood estimators of the present study) can
tigated how this capacity was distributed in the visual field, be subject to bootstrap analysis.
and how the distribution depended on the selection required Bootstrapping depends on the notion di@otstrap sam-
by the task. Using the equations of the TVA mo¢4] as ple. The bootstrap sample can be conceived as a resampled
an analytical frame, estimates of GL's storage capacity of version of the original observations. The bootstrap sample
VSTM, total rate of visual information uptake, attentional is constructed by drawing n elements at randevith re-
weight setting, and sensory effectiveness for single stimuli placementfrom an original sample of n observations. This
were obtained in different parts of the visual field. On most way, a single observation can be represented 0, 1,.2,
of these measures, GL could be shown to deviate signifi- Or up to n times in the bootstrap sample. The statistic of
cantly from an age-matched control group. GL’s pattern of interest is then computed from the bootstrap sample. This
deficit consisted in a bilateral reduction of attentional capac- procedure is independently repeated a substantial number of
ity (involving both visual short-term memory and rate of en- times, producing a distribution of bootstrap estimates. With
coding) combined with a bias for stimuli in the right-visual a large sample size such as several hundred observations,
field. The bias was analyzed into a component related to at-Statistical research indicates that 200 repetitions is more than
tentional weighting and a sensory component that was evi- sufficient to obtain a good approximation to the distribution
dent only near the perception threshold. In general, the study[18]. The standard deviation of the bootstrap distribution
indicated that stimulation near threshold may be an effective may be taken as an estimator of the standard error related
way of bringing out subtle deficits in perceptual function.  to the original sample statistic. That is, the bootstrap analy-
Overall, the study demonstrated how a minor attention Sis produces a quantitative estimate of the robustness of the
disturbance may be analyzed into distinct components andoriginal parameter estimate.
measured reliably. The study used an experimental method We describe the procedure used for bootstrap analysis
that was developed by Duncan et 6], but extended the  of the whole report data; the analysis of the partial report
scope of the investigation to a patient with less obvious data was similar. There were 480 trials in the whole report
deficits than visual neglect. Also, the methodology was re- experiment (however, as noted previously, GL performed
fined by the introduction of bootstrap analysis, which per- 504). For each participant, the original set of observations
mitted evaluation of the reliability of the test results. Finally, was used to construct 200 bootstrap data sets. Thus, each
the study provided new evidence concerning the importancebootstrap data set consisted of 480 “observations” (or, in the
of frontal and basal ganglia structures for visual attention. case of GL, 504). To each of these data sets, a maximum
In particular, the results suggested that the perceptual com-ikelihood fit was made. This way, 200 sets of parameter
ponent of frontal neglect may be qualitatively similar to that estimates were obtained (i.e. sets consistingiovdlue, X
found after parietal lesions, but less severe. values, & values, and 10values). The standard deviation
of each bootstrap parameter estimate was computed as an
approximation of the standard error of the original parameter
Acknowledgements estimate.
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