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Summary

We investigated the functional anatomy involved in sustaininglobal or local level of the stimuli throughout all trials;

or switching visual attention between different perceptualattention to the global aspect resulted in significant activation
levels, using functional imaging measures of neural activityof the right lingual gyrus while attention to the local aspect
Two experiments were carried out using hierarchically significantly activated the left inferior occipital cortex. We
organized letters (i.e. large letters made out of small letters)suggest that left hemisphere activations with increasing
In a divided-attention task, subjects were required to switcthumbers of switches between perceptual levels reflect
attention between local and global levels. The number ofncreased demands on an executive attentional system, while
successive stimuli for which subjects had to sustain attentiosustained attention to either level activates a predominantly
to either the global or local level co-varied significantly with right hemispheric network involving temporal—parietal and
temporal—parietal activations bilaterally. Other activations dorsolateral prefrontal regions. Overall, the results provide
were also observed in the right orbitofrontal cortex, the right evidence for relative hemispheric specialization for global
dorsolateral prefrontal cortex, and the right middle temporal and local processing in accordance with previous
gyrus. The number of switches between levels co-variedeuropsychological studies. In addition, the findings
significantly with activations in the left supplementary motordemonstrate that early visual processing mechanisms in the
area and the left medial parietal cortex. In the directed- prestriate cortex are influenced by an attentional system in
attention task, subjects were required to attend to either théemporal—parietal areas.

Keywords: global/local processing; visual attention; prestriate cortex; temporal—parietal cortex; PET

Abbreviations: ANCOVA = analysis of covariance; BA Brodmann area; LG= large stimuli, globally directed attention;
LL = large stimuli, locally directed attention; rCB# regional cerebral blood flow; S& small stimuli, globally directed
attention; SL= small stimuli, locally directed attention; SPM statistical parametric mapping

Introduction
The right hemisphere is dominant for many visuospatialexemplifies the fact that our visual world is intrinsically
functions, although recent neuropsychological experimentsrganized in an ‘hierarchical’ fashion. In the above example,
suggest that the pattern of hemispheric asymmetry is morthe spokes are local relative to the global wheel, but the
complex than a simple dichotomy: each hemisphere isvheelisalsolocal relative to the global bicycle. Psychological
dominant for processing different types of visual informationstudies using stimuli with larger figures (global forms) made
(Hellige, 1993; Posner, 1995). of smaller figures (local components) show global precedence
That the bicycle has wheels, which in turn have spokes(Navon, 1977); the global aspect of a complex visual stimulus
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is perceived more quickly than its local aspects (global ‘eve'&‘e / 2 2
advantage) and global processing interferes with loca 5
processing (global interference). However, global advantag
and global interference can be turned into local advantag
and local interference by experimental manipulations of, for
example. visual angle, number of local elements, retinal locu
and shape (Lamb and Robertson, 1988; Hugted,, 1990).
Furthermore, the subject’s attentional set can influence glob:
and local processing (Kinchlat al, 1983), suggesting ©
that perceptual (exogenous) and controlled attentions V
(endogenous) mechanisms interact during the processing 'small n r >
hierarchically organized stimuli (Martin, 1979; Hoffman,
1980; Sergent, 1982; Kinchlat al, 1983; Lamb and o
Robertson, 1988; Hughesgt al, 1990; Robertson and
Lamb, 1991). global local

Classical Gestalt psychology and neuropsychologica (e.g. D) (e.g. E)
studies in patients with temporal—parietal lesions suggest a

”?ht Qerzlspther(i btlﬁs for: ?Iobaldprolc?tsilng .(I'i' pert;:_eptlforg and C represent the global level and the F and E represent the
of and attention to the whole) and a left hemisphere bias Ofocal level of the stimuli. Al figures used were non-congruent for

local processing [i.e. perception of and attention to the focajhe global and local level. During the task subjects were required
aspects of a complex visual scene (Robertsbial, 1988; to attend to either the global or the local level and to name the
Robertson and Lamb, 1991; Hellige, 1993)]. However, suctppropriate letter (e.g. her ‘F* and 'E’ during the local processing
hemispheric asymmetries are relative rather than absolu{ﬁSk and ‘D’ and 'C’ during the global processing task). To study
(Polster and Rapcsak, 1994). The precise mechanis e effects of stlmulus size on global and local processing, both
] p ! p - | ) n?§rge and small figures were used.

underlying global/local processing and their relationship to
hemispheric asymmetries remain poorly understood. .

In this study, we investigate the functional anatomy ofMaterial and methods
directed and divided visual attention to global and localSubjects
aspects of hierarchically structured figures. We used PET isixteen healthy male volunteers (aged 19-32 years) took part
normal human subjects, to index neural activity and determin@ the study. All were right-handed and had no history, past
significant changes in relative regional cerebral blood flowor current, of neurological or psychiatric illness. Informed
(rCBF) (Raichle, 1987) across conditions. The aim of thewritten consent was obtained from all subjects prior to
study was to investigate the neural mechanisms involved iparticipation. The study involved administration of 4.5 mSv
the processing of global and local aspects of hierarchicallgffective dose equivalent of radioactivity per subject.
organized visual stimuli. Such stimuli are ideal to study thePermission to administer radioactivity was obtained from the
influence of attention on sensory processes, as no change ARSAC (Administration of Radioactive Substances Advisory
visual input is required across conditions. The soleCommittee of the Department of Health of the UK). The
requirement is for subjects to follow the instruction to attendstudy was approved by the local ethics committee of the
to either the global or local level of the stimulus (directed National Hospital for Neurology and Neurosurgery
attention) or to attend to a predefined target occurring afLondon, UK).
either level (divided attention). Based on the results from
patients with lesions we predicted that the modulatory source
of visual attention would be temporal—parietal (RobertsonParadigm design
and Delis, 1986; Robertsoet al, 1988; Robertson and Figure 1 shows examples of the figures used as stimuli during
Lamb, 1991). How this region influences sensory processinthe globally and locally directed attention tasks and the
of local or global levels is more difficult to predict. Previous design of Experiment 1, the directed attention task. In the
functional imaging (Corbettaet al, 1991; Heinzeet al, upper left box the D constitutes the global level and the F
1994) and animal studies (Moran and Desimone, 1985the local level. All figures used were non-congruent for the
Spitzeret al.,, 1988; Motter, 1993) raise the possibility that global and local levels. The figures were presented in black
the locus of interaction between attention and visual processes1 a white background during the PET rCBF measurements.
resides early in the visual processing stream. Furthermoré stimulus appeared every 1.5 s and remained for 300 ms,
neuropsychological studies suggest right hemisphere the centre of a 14 inch video display unit at a viewing
dominance during global processing and left dominancalistance of 40 cm. Twelve different letters (P, S, H, K, T, E,
during local processing. F, L, V, C, D, N) were used to create the figures which

A preliminary report on some of the data presented hasppeared in a quasi-random sequence that did not permit the
been published elsewhere (Fiekal., 1996). same letter to appear on the local and global levels on

FFF EEE /
E

large

mmmmm

FFF EEE

g. 1 Study design of Experiment 1 (directed-attention task). The
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scan 12

2 letter occurred at the local or the global level was kept
s roughly equal across the rCBF measurements. Again, a quasi
5 £ocand q random sequence prevented the same stimulus from occurring
& /scanc on successive trials.
< [ scans s
/scan4 1
// scan3 28 .
PET-scanning
scan 2 7
8661 . 8 Relative regional cerebral blood flow (rCBF) was measured
- by recording the regional distribution of cerebral radioactivity
L 3 following the intravenous injection of®0-labelled water
For b 1 [1%0 is a positron emitter with a half-life of 2.1 min (Mazziotta
Pk b et al,, 1985; Fox and Mintun, 1989)]. The PET measurements
FFFF DbDDD were carried out using a Siemens/CPS ECAT EXACT-HR
stimulus 1 stimulus 2 (model 962) PET scanner (CTI Inc., Knoxville, Tenn., USA)
target letter e.g. ‘D’ with a total axial field of view of 155 mm covering the
(global) (local) whole brain. Data were acquired in three-dimensional mode

Fig. 2 Study design of Experiment 2 (divided attention task) (Townsencet al., 1991) with inter-detector collimating septa
During the divided attention task, a preselected target letter removed and a ‘Neuro-Insert' installed to limit the acceptance

appeared at either the global or the local level (in this example a Of events originating from out-of-field-of-view activity (from
‘D). Subjects were required to name the level at which the targetthe whole body).
letter appeared (e.g. in this case for stimulus 1 ‘global’ and for For each measurement of relative rCBF, 9 mCi ot
stimulus 2 ‘local’). The number (_)f switches between levels were given i.v. as a slow bolus over 20 s (Silberswetig.,
(global and_ local) was parametrically varied _(counterbalanced 1993). Twelve consecutive PET scans were collected, each
across subjects) between one and 34 per minute across scans. e ; '
beginning with a 30-s background scan before the delivery
of the slow bolus. Emission data were thereafter collected
successive trials (Tippeet al, 1994). In order to study sequentially over 90 s after tracer arrival in the brain and
possible effects of stimulus size, both large figurescorrected for background. This process was repeated for each
(170X 72 mm, made up of letters X113 mm, and subtending emission scan with 10 min between scans to allow for
overall visual angles of 24° and 10°) and small figuresadequate decay of radioactivity. All emission scan data were
(30x14 mm, made of letters 3x&.5 mm, visual angle 4° corrected for the effects of radiation attenuation (e.g. by the
and 2°) were used. skull) by means of a transmission scan taken prior to the
In this experiment (Experiment 1, directed attention task)first relative rCBF measurement. The corrected data were
10 normal-sighted male right-handed volunteers were studiedeconstructed into 63 transverse planes (separation 2.4 mm)
They were instructed to attend and name either the global aand into 128128 pixels (size 2.£2.1 mm) by three-
local attribute of the stimulus (a letter). Each sequence oflimensional filtered back projection using a Hann filter of
stimulus presentations began 10 s prior to PET scanninguutoff frequency 0.5 cycles per pixel and applying a scatter
The experiment involved 12 sequential relative rCBFcorrection. The resolution of the images was 6 mm (at full
measurements per subject; the four testing conditions weneidth half maximum).
presented in a fully factorial design: globally directed
attention, large stimuli (LG); locally directed attention, large
stimuli (LL); globally directed attention, small stimuli (SG); MRI
and locally directed attention, small stimuli (SL). Globally In a separate session, an MRI image of each subject’s brain
and locally directed attention tasks and large and smallvas obtained (i) to exclude the possibility of morphological/
stimulus sequences were alternated. pathological abnormalities and (i) for stereotactic
Figure 2 shows examples of the figures used and theormalization into the standard anatomical spaeeijelow).
design of Experiment 2 (divided attention task). In this This was performed wita 2 Tesla system (VISION, Siemens
experiment, six normal-sighted male right-handed volunteer&G, Germany) using a three-dimensional;-Weighted
were studied. The same stimuli (large letters only; P, S, Himaging technique producing 54 transaxial slices<{X
K, T, E, F LV, C, D, N), presentation rate, and nhumber of3 mm) which gave high grey to white matter contrast.
measurements were used. This time, however, a preselected
target letter appeared at either the global or the local level.
Subjects were required to name at which of the two leveldmage processing
the target letter had appeared (‘global’ or ‘local’). The numberAll calculations and image manipulations were performed on
of switches between levels (global or local) was varied ora SPARC workstation (SUN Computers). ANALYZE and
successive trials from one to 34 per minute (40 stimuli pelPROMATLAB software (Mathworks Inc., USA) were used to
minute were given). The number of times that a given targetalculate and display images. Statistical parametric mapping
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Table 1 Relative increases in brain activity during a directed attention task using complex hierarchically organized visual
stimuli

Region Side X, Y, z Zscore
(A) Global versus local: (LG+ SG) — (LL + SL)
Lingual gyrus (BA 18) R 16, —74, 0 5.0
(B) Local versus global: (LL+ SL) — (LG + SG)
Inferior occipital gyrus (BA 18) L =22, -96, -8 5.3
(C) Large versus small: (LG- LL) — (SG + SL)
Primary visual cortex (BA 17) L -2, -86, -4 134
R 16, -84, 12 8.6
(D) Small versus large: (SG SL) — (LG + LL)
Inferior occipital/usiform gyrus (BA 17/18) L —-26, -96, -12 4.1
R 28, -96, -8 4.3

Coordinates are in standard stereotactic space (Talairach and Tournoux, 1988) and refer to maximally activated foci as indicated by the
highestZ-score within an area of activation associated with globally and locally directed attention, or large and small siigribié

distance in millimetres to the rightH) or left () of the midsagittal (interhemispheric ) lingjs the distance anteriorH) or posterior

(-) to the vertical plane through the anterior commissure; zisdthe distance abovet() or below (-) the intercommissural line. For

each anatomical location, an estimate of the Brodmann (BA) area is given in parentheses, which is based on the stereotactic atlas of
Talairach and Tournoux (1988) and the group mean MR¥ Rght; L = left; LG = large stimuli, globally directed attention; L&

large stimuli, locally directed attention; S& small stimuli, globally directed attention; Sk small stimuli, locally directed attention.

(SPM) software (SPM95; Wellcome Department of CognitiveCBF, within and between subjects, were removed by treating
Neurology, London, UK) was used for image realignment,global activity as the covariate (Fristat al, 199%). This
image normalization, smoothing and to create statistical mapemoved systematic state-dependent differences in global
of significant relative rCBF changes (Fristenal., 1995, b). blood flow associated with the different conditions which

can obscure task related regional alterations in activity. For

each pixel in stereotactic space the ANCOVA generated a
Realignment, transformation and smoothing of  condition-specific adjusted mean rCBF value (arbitrarily
PET images adjusted to 50 ml/100 ml/min) and an associated adjusted
All PET scans were realigned to the first emission scangrror variance (Fristoret al, 199%). This allowed the
using SPM95 software (Fristoet al., 199%) to correct for ~ planned comparisons of the mean blood flow distributions
head movement. A mean relative rCBF image was create@cross all sets of conditions. The mean relative rCBF values
for each subject and edited to remove counts representingere calculated separately for each of the main effects, for
blood flow to the skull or scalp. Each individual's MR image each pixel, and across all subjects and all scans. Comparisons
and PET mean image (serving as a template for the individuaif the means were made using thstatistic and thereafter
PET images) were then transformed into a standardransformed into normally distributedZ-statistics. The
stereotactic anatomical space (Frisairal, 199%; Talairach  resulting set ofZ-values constituted a statistical parametric
and Tournoux, 1988) using linear proportions and a non{SPM) map (Fristonet al, 199%). For the contrasts of
linear sampling algorithm. The PET images were thereafteinterest, significance was set & < 0.05, corrected for
filtered using a low-pass Gaussian filter (resulting in an imagenultiple non-independent comparisons. The data were
resolution of 12 mm) to reduce the variance due to individuaBnalysed for the two main effects (globally versus locally
anatomical variability and to improve signal-to-noise ratiodirected attention; large versus small stimuli) and their
(Fristonet al., 199%). The resulting pixel size in stereotactic interaction. These comparisons were intended to identify
space was 22 mm with an interplane distance of 4 mm. those cortical areas concerned with the properties in question
Data were thereafter expressed in terms of standarg £)  (i.e. locally and globally directed attention, large and small
stereotactic coordinates (as defined in Table 1). visual stimuli) and to assess whether stimulus size modulates

the effects of globally and locally directed attention.

For Experiment 2 (divided attention task), the same data

Statistical analysis analysis was performed. SPM95 was then used to assess (i)
Following stereotactic normalization, statistical analysis wassignificant co-variation of relative rCBF with the number of
performed. For Experiment 1 (directed attention task), thgarget switches (from either the local to the global level or
main effects of test conditions (globally versus locally directedvice-versa) and (ii) significant covariation of relative rCBF
attention; large versus small stimuli) and their interactionwith the number of successive stimuli for which the subjects
were estimated on a pixel-by-pixel basis using SPM95had to sustain attention to either the global or the local level.
(Friston et al, 199%). Task related differences in global The resulting SPM, map was thresholded @& < 0.01
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(uncorrected) as the experiment was specifically concernegkgions did not reach significance. A direct comparison of

with the temporal—parietal areas. These areas were predicte@BF changes between the two hemispheres indicated that

a priori on the basis of previous neuropsychological studiesoth lateralization effects were statistically significaRt<

(Robertsoret al., 1988; Robertson and Lamb, 1991). Other0.01). No differential relative rCBF increases were observed,

activations were observed but are reported at a lev®l ef  during either globally or locally directed-attention tasks, in

0.001 (uncorrected) only. lateral temporal—parietal areas.

To assess hemispheric asymmetries in rCBF responses,

hemispher& condition interactions were identified using

SPM95. This did not require correction because these regiorStimulus size effects

were identified on the basis of the (independent) main effectdn Table 1, C and D summarize the principal areas associated
with increases in relative rCBF concerned with the difference
between large and small visual stimuli (irrespective of the

Single-subject data analysis direction of a';tention). Figure 3B provides a pictqrial

For individual subjects, PET data were analysed in af€Presentation in the form of SRl maps of the areas with

identical way to the group data. The SPM maps werdelative rCBF increases. As predicted, the presentation of

thresholded aP < 0.01, uncorrected. The analysis of datalarge stimuli (LG + LL — SG — SL) led to extensive

from each individual was restricted to the areas showingignificant relative rCBF increases in the striate corféx

significant activations in the group analysis. Since PET dat®-05, corrected; BA 17) bilaterally [Table 1 (C) and Fig. 3B],

had been co-registered to the same individual's MR scarfXténding into the prestriate cortex and temporal-occipital

precise anatomical localization of relative rCBF changesiréas bilaterallyR < 0.05, corrected). .
was possible. Relative increases in rCBF associated with the small visual

stimuli (SG+ SL — LG — LL) were observed in a restricted
lateral posterior (foveal) part of the occipital cort&< 0.05,

Localization of activations corrected; BA 17/18; Table 1 (D) and Fig. 3B) bilaterally].

The stereotactic coordinates of the pixels of local maxima
of significant changes in relative rCBF were determined nteractions
within areas of significant relative rCBF change associate(i\ significant interaction between figure size and the

with the d|_fferent tasks. The anatomical localization of thesea tivations due to global and local processing was observed
local maxima was assessed by reference to the standa{§

. ) the left inferior occipital cortex (BA 18) only during
sterggtactlc gtla; of TaI.a|rach and Tourn_ou>§ (1988)‘the locally directed-attention task. This interaction was an
Additional validation of this method of localization was

; . " augmentation of activation by increased figure size during
Slr);iglen(:ezf;e:\ﬂ;ulpﬁggng?sclgli legge:jheafie Erz”velzfﬁsin(()jri]vi?fal’slocal processing. No such interaction was seen in the right
. . , lingual gyr ring the globally directed task.
MRI image had been stereotactically transformed into the gual gyrus during the globally directed tas

same standard stereotactic space (Frigtoal., 199%).

Divided attention task effects

Variation in the number of target switches between levels
Results (global and local) significantly co-varied, as predicted, with
Directed attention task effects temporal—parietal (but not with prestriate) activation. These
In Table 1, A and B summarize the regions displayingareas were predictepriori on the basis of previous studies
increases in relative regional cerebral blood flow (rCBF)of patients with lesions to those areas and their consequent
associated with each of the directed attention tasks. Figurdeficits in global and local processing (Robertsenal.,
3A provides a pictorial representation in the form of SgM  1988; Robertson and Lamb, 1991). The number of successive
maps of the areas with increase of relative rCBF during eacbktimuli for which subjects had to sustain their attention to
of the directed attention tasks. For the globally directedeither the local or the global level (because the target
attention tasks (LG+ SG — LL — SL) the only significant continued to be located at the same level) was significantly
increase in relative rCBF was observed in the right lingualcorrelated with relative rCBF increases in the temporal—
gyrus P < 0.05, corrected for multiple comparisons; parietal cortex on the rightx(= 32 mm,y = —72 mm,z =
Brodmann area (BA) 18; Table 1 (A) and Fig. 3A]. Relative 32 mm; Z-score= 3.5, P < 0.001; BA 39/19; Fig. 4) and
rCBF increases in the respective homologous contralaterghe posterior part of the superior temporal gyrus on the left
region did not reach significance. Increases in relative rCBEx = —48 mm,y = -54 mm,z = 16 mm; Z-score = 2.9,
during the locally directed task (Lt SL — LG — SG) were P < 0.01; BA 22/39; Fig. 4). Further activations were
observed in the left inferior occipital corteXP[< 0.05, observed at a significance level Bf< 0.001 (uncorrected)
corrected; BA 18; Table 1 (B) and Fig. 3A] only. Again, in the right temporal cortex, the right orbital-frontal cortex
rCBF increases in the respective homologous contralaterand the right dorsal-lateral prefrontal cortex (Fig. 5; Table
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2). A correlation of rCBF with an increasing number of changing stimuli, significant activation&Z (> 1.96) were
target switches from the global to the local level (or vice-observed in many areas. During the selective attention task,
versa) was observedP(< 0.001, uncorrected) in the left activations were observed in prestriate areas and, in addition,
supplementary motor area (BA 6, Fig. 5, Table 2) and thén the globus pallidus, caudate nucleus, lateral orbitofrontal
left medial parietal cortex (BA 7, Fig. 5, Table 2). cortex, posterior thalamus/colliculus and insular-premotor
regions. The divided-attention task yielded additional
activations in the anterior cingulate and the dorsolateral
Single subject analysis prefrontal cortex. These findings suggest that attentional
Data analysis for each subject of Experiment 1 revealedystems are separate from the actual ‘signal-processing’ areas
that eight of the 10 subjects showed patterns of activatiothat are modulated by attention. Similar results have been
consistent with the group result (i.e. lateralization andobtained in macaques; attention modulates the response of
localization of activations in prestriate and striate areas)space-selective cells in prestriate and striate areas (Moran
Data analysis for each subject of Experiment 2 revealed thatnd Desimone, 1985; Spitzet al., 1988; Motter, 1993). As
five of the six subjects showed patterns of activation consisterdtimulus  characteristics (across conditions) changed
with the group result. throughout these experiments, the question remains as to
whether and where selective visual attention interacts with
signal processing, and/or whether such changes could simply
Discussion be due to intrinsic selectivity within sensory systems
This study provides direct evidence of relative hemispheriqdDesimone and Duncan, 1995).
specialization for global and local processing of hierarchical
visual stimuli (large letters made of small letters); globally
directed attention primarily involves the right hemisphereStudy design
and locally directed attention primarily involves the left In studying the functional anatomy of global and local
hemisphere. These hemispheric differences arise in earlgrocessing (i.e. of directed (Experiment 1) and divided
stages of visual processing in the prestriate visual cortexExperiment 2) visual attention to global and local aspects
despite the fact that the stimuli were invariant acrossof a complex visual scene), we used stimuli that have been
conditions (i.e. there were no differences in spatial frequencyvell evaluated in neuropsychological and psychophysical
between the two conditions, although the global conditionstudies; i.e. Navon figures (Navon, 1977). Much is known
directed attention to low frequencies while the local conditionabout the sensory (exogenous) processes and volitional
directed attention to high frequencies). These observationgendogenous) attentional processes involved in global and
together with the correlation between rCBF in the temporalHocal processing of such stimuli (Rafal and Robertson, 1995).
parietal cortex and the number of successive stimuli forSince psychophysical differences in global and local
which subjects had to sustain their attention to either levelprocessing may be confounded by differences in stimulus
fit the following model. Attentional processes are controlledsize (Hellige, 1993) we used both large and small stimuli, in
by temporal-parietal areas, and this attentional controh factorial design (Experiment 1), to control for possible
modulates the sensory neural responses in the prestriait@teractions of stimulus size and selective visual attention.
cortex during global and local processing. This design limited Experiment 1 to a non-parametric
Though it is widely accepted that attention can affect earlyblocked’ presentation. That is, within each rCBF
stages of sensory processing, little is known about theneasurement subjects were directed either globally or locally
neural mechanisms underlying the interaction of attentionand did not need to ‘switch’ attention between levels.
perception and sensory input. Corbe@ihal (1991) used Hence the activations in Experiment 1 do not reflect central
PET to measure cerebral blood flow changes during selectivattentional mechanisms, but rather the signal-processing
(i.e. directed) and divided-attention tasks when subjects hadonsequences of an activated attentional system. Experiment
to discriminate changes in shape, colour and speed. With, in which we varied the number of switches between levels

Fig. 3 (A) Relative rCBF increases (for the 10 subjects) associated with globally and locally directed attention (Experiment 1). Areas of
significant relative rCBF increaseR & 0.05, corrected for multiple non-independent comparisons) are shown as through-projections
onto representations of standard stereotactic space (Fes@n 199%; Talairach and Tournoux, 1988). Sagittal, side view; transverse,
view from above. There is right-hemispheric activation centred on the lingual gyrus during globally directed attention and left-
hemispheric activation centred on the inferior occipital cortex during locally directed attentienriht; VAC = vertical plane through

the anterior commissure; VPE vertical plane through the posterior commissure; humbers at axes refer to coordinates of stereotactic
space (Fristoret al., 199%). The exact coordinates of the local maxima and tEestatistic are given in Table 1 (A and BB) Relative

rCBF increases (for the 10 subjects) associated with large and small visual stimuli (Experiment 1). Areas of significant relative rCBF
increasesH < 0.05, corrected for multiple non-independent comparisons) are displayed in the same foAndthase is extensive

bilateral activation centred on the primary visual cortex and extending into the posterior inferior temporal—occipital cortex during analysis
of the large stimuli and restricted posterior (foveal) activation centred on the inferior occipital cortex during analysis of the small stimuli.
The exact coordinates of the local maxima and tRedtatistic are given in Table 1 (C and D).
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Fig. 4 Relative rCBF increases (for the six subjects) seen with globally/locally divided attention
(Experiment 2). Areas of significant relative rCBF increages<(0.01) correlated with the number of
successive stimuli for which subjects had to sustain attention to either the global or the local level are
shown superimposed upon transverse sections of the group mean MRI that had been spatially
normalized into the same anatomical space (Frigtoal., 199%; Talairach and Tournoux, 1988). The

white cross-hairs indicate the local maxima within the areas of activation in the posterior part of the left
superior temporal gyrusabove and in the right temporal—parietal—occipital junctidrelow). z is the

distance above the intercommissural (AC—PC) line in mm. The exact coordinates of the local maxima
and theirZ-statistic are given in the results section. In addition, adjusted rCBF values are plotted against
the decreasing number of switches between levels (i.e. the increasing number of successive stimuli for
which the subjects had to sustain attention to either the global or local level). A simple linear regression
line between adjusted rCBF and the number of switches is superimposed.

(global and local) parametrically, is , in contrast, predicatedRegional activations

on the progressive engagement of central attentionathe areas activated differentially during the directed visual
mechanisms. We reasoned that the number of switchesitention tasks, the right lingual gyrus (during global
between levels should co-vary with the central mechanismgrocessing) and the left inferior occipital cortex (during local
that mediate attentional switches (‘costs of switching’). Theprocessing), both encroach onto the cuneus. According to
design likewise allowed us to determine rCBF changeswman anatomical and imaging evidence, the focus in the
correlated with sustaining attention to either level and hencéeft inferior occipital cortex lies within V2 while the focus

reveal the central mechanisms that maintain attention tin the right lingual gyrus falls near the V2/V3 boundary
global or local levels of hierarchical stimuli (‘costs of (Clarke, 1994; Serenet al., 1995; Shippet al,, 1995). The
sustaining attention’). right lingual gyrus activation is close to activations previously
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Divided-attention task

i
VPC VAC VPC VAC
-104 68 -104 68
transverse transverse
il - :

E =t WS

64

Increased time of attention sustained Increased number of switches
to either the global or the local level between levels (local / global)

Fig. 5 Relative rCBF increases (for the six subjects) associated with an increasing time of attention
sustained to one or the other level (left of figure) and relative rCBF increases associated with an
increasing number of switches from the global to the local level (or vice-versa, right of figure). Areas of
significant relative rCBF increaseR & 0.001, uncorrected) are displayed in the same format as
described in Fig. 3. There is a positive correlation of rCBF with an increasing number of successive
stimuli for which subjects had to sustain attention to either global or local level in the right temporal—
parietal-occipital junction (1), the right temporal cortex (2), the right dorsolateral prefrontal cortex (3)
and the right orbitofrontal cortex (4). A positive correlation of rCBF with increasing number of
switches between levels is seen in the left supplementary motor area (5) and the left medial parietal
cortex (6). R= right; VAC = vertical plane through the anterior commissure; VRGertical plane
through the posterior commissure; numbers at axes refer to coordinates of stereotactic space (Friston
et al, 199%). The exact coordinates of the local maxima and tHestatistic are given in Table 2.

Table 2 Relative increases in brain activity during a divided attention task using complex hierarchically organized visual
stimuli

Region Side X, Y, z Zscore
(A) Correlation of rCBF with sustaining attention to either global or local level
Orbital—frontal cortex (BA 10/32) R 24, 32, -8 3.8
Temporal—parietal—-occipital junction (BA 39/19) R 32, -72, 32 3.5
Dorsal-lateral prefrontal cortex (BA 8) R 34, 10, 44 3.5
Medial temporal gyrus (BA 21/37) R 54, -50, 0 35
(B) Correlation of rCBF with increasing number of switches between levels
Supplementary motor area (BA 6) L -4, —4, 60 4.5
Medial parietal cortex (BA 7) L -8, —54, -56 3.6

Coordinates are in standard stereotactic space (Talairach and Tournoux, 1988) and refer to maximally activated foci as indicated by the
highestZ-score within an area of activation associated with (A) an increasing number of successive stimuli for which the subjects had to
sustain attention to either the global or local level, and (B) an increasing number of target switches between global &ektlegahd

of Table 1 for details.The level of significance was sePat 0.001 (uncorrected).
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reported to be associated with changes in shape (Corbettd a supervisory attentional system (Shallice and Burgess,
et al, 1991). The differential activations within V2 and 1996) with activation of the supplementary motor area
V3 may reflect attentional modulation of the respectiveindexing the growing attentional demands on the subject
retinotopic fields within V2 and V3 during local and global when responding to the increased alternations of stimulus
processing. For any hierarchical stimulus, global processintarget levels by consciously shifting attention between levels.
necessarily involves a larger peripheral visual field and locaThis may be the functional equivalent of the prior level
processing usually involves the central visual field. As stimuliinterference reported in reaction time studies (Rafal and
were invariant across conditions, and the only experimentaRobertson, 1995). The activation of a medial parietal area
change involved instructions, these findings strongly suppoiin the left hemisphere is in keeping with the anatomical
the hypothesis that neural activity in early visual areas doesonnections of this area to the supplementary motor area and
not solely represent the physical attributes of a retinal imagsuggests feedback processes from executive to secondary
(Moran and Desimone, 1985; Corbettaal,, 1990; Motter, somatosensory areas (Murray and Coulter, 1981). The
1993). In contrast to Corbettat al. (1991), we did not observed medial parietal cortex activation is close to the
observe any activation outside occipital areas during theuperior parietal cortex activation described in another task
directed (selective) attention task. Two factors may benvolving shifts of spatial attention (Corbet&t al,, 1995).
responsible: (i) we adopted a higher statistical threshold, andVhis suggests that shifts of location and of scale share, in
or (ii) there were major differences in the conditions used agart, a common anatomy.
references for the statistical comparison (Corbettaal.,
1991).

Marked differences in neural activations associated witr‘C
figure size were observed in the striate (primary visuaI)W

cor_tex;_ large stimuli were _as_somateq with extenswe Strlat(Tbresented to patients for delayed copying, subjects with left
activation and small stimuli with restricted posterior (foveal) hemisphere lesions are more impaired in local processing

activations, Suchatc_)pogra_phic [anteriqr (Iarge)_and IOOSt('}riq;vhile subjects with right hemisphere lesions are more
(small)] representation within the primary visual cortexirnpaired on the global aspect (Robertson and Lamb, 1991).

follows from the spatial organization of early visual areas| .\ ...oced reaction times for global processing in patients

(Zeki, 1993). Furthermore, our findings parallel a rece'nrwith right temporal—parietal lesions (but without visual field

rﬁportl on trlelflreilgggrrelates of mental images of varied SIZ%Ieficits) and similar increases for local processing with left
(Kosslynet al, )- temporal—parietal lesions also imply hemispheric asymmetry

'F‘ the second experiment (d“.”ded. attent-|on task), the'for global and local processing (Robertson and Lamb, 1991).
activation of non-homologous regions in the right temporal—

. o ; . " An account of the symptoms of left visual-spatial neglect in
parietal—occipital junction (BA 39/19) and in the left posterior terms of impaired alobal brocessing is diven in Halligan and
aspect of the superior temporal gyrus (BA 22/39) is of P g b g1 g g

. . L X Marshall (1994). An important caveat, however, is that even
particular interest. The finding is predicted by the locus 0ffollowing extensive unilateral brain damage, some patients
lesions in patients with impaired global and local processin ’

%an still perform both global and local processing tasks.
abilities (Robertsoet al.,, 1988; Robertson and Lamb, 1991). " P g P ng

Oth howi i lati ¢ ICBE _thPresumany their unaffected hemisphere is primarily
€r areas showing a postlive correlation of wi responsible, although the impaired hemisphere may also
sustained attention to either the global or local level were th

Contribute to its preferential mode of processing (Polster and
right orbital—frontal cortex, the right dorsal-lateral prefrontal P P g (

. . Rapcsak, 1994). Hemispheric asymmetries in global and
cortex and the right lateral posterior temporal cortex. In

trast. th howi lati ith . . local processing are thus relative, not absolute, and any
contrast, the areas showing a correfation with an InCreas'nﬁ’wterpretation of lesion studies is further limited by

ntjhmber of tlarget tS‘W'tChef from one dprocg_sslmg !e}[/ell to tth%ompensatory mechanisms (‘plasticity’). Nevertheless, lesion
other (supplementary motor area and medial parietal corte tudies and our functional imaging findings provide

We_ltﬁ bofth in the Ieftlthgmlsphgr?. t with . wudi complementary evidence for the importance of temporal—
€ lormer resuft 1S consistent with previous st IesEarietal cortex in the attentional control of global and local

linical implications
hen visual stimuli with both global and local aspects are

reporting an association between selective visual attentio -

. . . ; rocessing.
or sustained attention and right hemisphere processes,
particular with right frontal areas (Heilman and Van Den
Abell, 1980; Hellige, 1993; Pardet al., 1991; Deutsclet al, ] . .
1987; Wilkinset al, 1987; Whitehead, 1991; Posner, 1995; Interaction between stimulus size and local and
Rueckert and Grafman, 1996). Regarding the left hemispheriglobal processing
activations with an increasing number of switches betweer he independent effects of stimulus size and global processing
levels, we know no investigations (physiological or on the neural activation in the right lingual gyrus contrast
pathological) of the brain areas involved in switching betweernwith the interaction of stimulus size and local processing in
global and local levels of visual processing. Activation ofthe left inferior occipital cortex. These latter activations
frontal regions of the left hemisphere may reflect the operatiomannot be explained by stimulus size alone, which was

n



Global and local processing of complex visual stimuli 1789

controlled. The most parsimonious explanation for thehere because it would have decreased the statistical power
interaction is that for small hierarchical stimuli even the of the experiments. The current findings directly demonstrate
global form has a strong local aspect by virtue of retinalboth the source of ‘top—down’ attentional modulation and its
size. Accommodation, vergence and pupil size may beffects. Our results suggest that volitional (endogenous)
modulated by instructions to attend to local or global levelsattentional processes can influence visual processing at early
of the stimuli, and by stimulus size. However, there is nosensory levels.
reason to suspect that such effecger se will result
in lateralized neural activation in prestriate or temporal—
parietal cortex. Conclusions
The present study provides the first direct evidence of relative
hemispheric specialization and attentional modulation of early
Spatial frequency activity in prestriate cortex during global and local processing.
Shulmarnet al (1986) established a link between local/global The results also suggest a modification to current accounts
processing and spatial frequency in letter Navon figuresof the contribution of temporal—parietal cortex to global and
Differences in tuning to low- and high-spatial frequencieslocal processing. This region may mediate and sustain the
may be responsible for hemispheric specificity in global andistribution of attention to local or global aspects of a
local processing (Hughest al, 1996). Global precedence complex visual scene. That voluntary attention can be directed
may depend on the low spatial frequency component ofrom one area (e.g. temporal-parietal cortex) while the
complex visual stimuli (Davis, 1981; Badcoek al, 1990). consequences of such attention are elaborated in another (e.g.
As the visual stimuli used in the present study were identicaprestriate) is not an unreasonable example of biological
for both global and local conditions, our results are unlikelyengineering.
to reflect spatial frequency aspects of the stimuli in any direct
fashion, although the two conditions do indeed direct attention
to two different spatial frequency domains. The processingAcknowledgements
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