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The validation and functioning of The Neural Beam Viewer 

 
1. Introduction 

The Neural Beam Viewer® and the underlying methodology and technique are both officially registered 

trademarks. Methodology and analysis technique were patented in 2009 with a worldwide coverage. 

This document briefly describes the substantive operation of the methodology (2) and the technical 

operation of the application (3). In addition, some articles are included, which extensively describe the 

validation and scientific background of The Neural Beam Viewer®: 

1. Assessing advertising effectiveness: the potential of goal-directed Behavior (Sebastian Berger, 

Udo Wagner, Christopher Schwand, Psychology and Marketing, Vol. 29(6): 411–421 (June 

2012)). This article describes the full validation process of The Neural Beam Viewer®. 

2. Functional Organization of Human Intraparietal and Frontal Cortex for Attending, Looking, and 

Pointing (Serguei V. Astafiev, Gordon L. Shulman, Christine M. Stanley, Abraham Z. Snyder,  

David C. Van Essen and Maurizio Corbetta, The Journal of Neuroscience, June 1, 2003 • 23 (11): 

4689 - 4699  • 4689). The article describes the functioning of the brain in relation to way 

attention, looking and pointing is organized and managed. 

3. Dynamic shifts of visual receptive fields in cortical area MT by spatial attention. (Thilo 

Womelsdorf, Katharina Anton-Erxleben, Florian Pieper & Stefan Treue, VOLUME 9 [ NUMBER 

9 [ SEPTEMBER 2006 NATURE NEUROSCIENCE Nature Neuroscience, number 9, September 

2006, page 1156 -1160 + supplement). This article describes the functioning of the brain in 

relation to the dynamic shifts of visual fields. 
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2. The Neural Beam Viewer® in a nutshell 
With the patented Neural Beam Viewer®, you examine the way in which the consumer actually sees a 

(new) design of a packaging, commercial or advertisement and you examine the attention value of that 

design. You then determine how and to what extent this visibility and the substantive perception of 

that design lead to actual (purchasing) behavior. Ideally, you even predict potential market share 

through the new design preceding the market introduction. The Neural Beam Viewer® also provides 

you with concrete tools to adjust the physical appearance of a design in such a way that it positively 

influences the conscious and subconscious behavior of a consumer and, for example, increases the 

willingness to purchase your offer. 

2.1. The basic principle behind The Neural Beam 

Through the pupil, a reality is projected on the retina of the eye ('projection screen' in the eye) as a 

very small sharp part on a fixed point at the back of the eye and the rest around it out of focus. That 

sharp part is considered to be the primary attention at a particular moment. By moving the pupil 

quickly automatically controlled by the brain, every fraction of a second something else is projected 

onto that sharp part. The brain translates everything into an overall image. With eye tracking you 

measure the position of the pupil and then indirectly what is projected on that sharp part and the 

blurred part around it. 

The brain not only translates perception, but also specifically controls the functioning of the eye and 

pupil: pupil do this, do so. That point of the brain basically controls every part of the body to focus 

attention, including a hand or finger, when positioning attention: finger do this, do so. 

In the research process, a respondent looks at his screen, with his eyes. The brain directs the pupils 

to really see what the respondent wants to see. With The Neural Beam, this 'instruction process' also 

simultaneously controls the movement of the hand (and the translation to the movement of a sharp 

point with that hand on the screen), when it is used for attention reasons. So we combine what you 

see with your eyes with what you 'point' with your hand/finger. In eye tracking you measure what 

the pupil does, at The Neural Beam you measure what the finger does (on the screen). 

We determined the principle outlined above more than 10 years ago and fully validated and 

patented it: measuring the movement of the pupil matches exactly (90%) the process of measuring 

the movement of hand and finger. However, measuring the finger requires much less intrusive 

technique and the measurement process is much more accurate, because, for e.g. no calibration and 

disruptive instrumentation is required. It is also much cheaper because everything can be run online 

and even on a mobile phone. 

2.2. Measuring what a consumer sees with what intensity 

So, at any given moment the eyes only see reality with a 2 degrees angle sharply. The rest is perceived 

blurry. By rapidly shifting the pupils, eyes build up an overall view of reality. This foveal shift can be 

compared with the movement of a spotlight. However, the process of the eyes is managed by the 

brains. The brains also can only experience a very limited part of reality at the same moment. That 

brain function can be compared with a spotlight too: the neural spotlight. The Neural Beam Viewer® 

uses this principle of a spotlight and projects the operation on a computer or mobile screen of the 

respondent. The movement of the pupil is replaced by the movement of a finger on the screen. The 
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Neural Beam Viewer® registers the orientation process and translates this into key figures for the 

duration, intensity and sequence of the observation. 

2.3. Knowing how a consumer acts with his perceiving 

We integrated a special analysis methodology into the Neural Beam Viewer®: Visual Impact Testing. 

This measurement application allows a respondent to value a design of a packaging, communication 

or commercial in a very special way and, from those scores, calculates the level of attachment of a 

product with the individual consumer through the operation of a design. This attachment score is then 

recalculated to Share of Preference and even to market share: the VIT Score. This VIT Score is then 

related to physical characteristics of a design, applied marketing attributes and individual attitudes of 

a consumer and values duration, coverage and path of seeing.  

2.4. Measuring and knowing analyzed directly made transparent 

From the total of VIT scores and observation scores, an accurate and valid view on visibility, willingness 

to purchase and improvement opportunities is created. This is visualized with directly readable 

heatmaps, gaze paths, charts and benchmarks regarding how and with what intensity (duration and 

coverage) the (design of the packaging of a) product or communication is seen. This is linked to an 

accurate estimate of the willingness to purchase the product by the consumer, placed in relation to  

that of the competition. With these results you can determine which improvement options are really 

relevant and useful. 

The Neural Beam Viewer® has a history of many thousands of communication, shopper and product 

and market studies. It does not need head mounted displays, webcams (webcam eye tracking) or other 

physical eye registration equipment. Only the availability of the screen of a desktop, tablet or mobile 

is necessary. Research with The Neural Beam Viewer® is carried out completely online and can be used 

in research where the mobile phone is used. As an analytical tool, it combines the power of both 

qualitative (analysis by observation) and quantitative (statistical analysis), while the low-threshold, 

online applicability can lead to enormous cost advantages. 
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3. The application and results visualized 

3.1. The Neural Beam dashboard 

The Neural Beam dashboard simply allows you to set up and carry out a study independently, and 

then immediately translate the research results into understandable findings and conclusions. You 

can do this entirely independently, but a professional team can carry out this research partly or in its 

entirety. 

 

 

 

 

 

 

Define and name Areas of 
Interest, add filters and 
download visualizations 

Define options, objects, AOI’s 
and durations to visualize and 

view the research results 

AOI-info: what is seen for 
how long by how many 

people 

Heat map: on average how is 
the attention of consumer 

distributed? 

Gaze path: in what order are 
AOI-s seen by how many 

people for how long 

Set the time observations 
should be taken in account 

Define benchmarks on 
several levels (cumulative & 

incremental views) 

Benchmarks: direct 
visualization of the defined 

research results 

Benchmarks: direct reports 
on coverage, direction and 

flow in comparison 
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3.2. The Visual Impact Testing add on visualized 

With four easy and valid to answer questions we explore the economic impact of new design options 

(before launch!) and options to improve (before). It is offered as an add on and the questions needs 

to be integrated in your questionnaire. 

The use of the add on offers these kinds of reports: 

 

Demo video 

A short PowerPoint video about the Neural Beam Viewer® can be found here: 

https://vimeo.com/337380279 

  

Options to define 
markets packaging to 

compare 

Results (VIT) visualized in 
% (share of preference), 
two markets in one view 

 

 
Results visualized (appeal 

and suitability), two 
markets in one view 

Level of correlative 
relationship between VIT 

score and Appeal and 
suitability 

Options to define 
markets based on target 

groups 

 
Results of defined parts 

of a design: physics, 
communication, action 

Level of correlative 
relationship between VIT 

and scores detail parts 

https://vimeo.com/337380279
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3.3. The main advantages of The Neural Beam Viewer® 

 

✓ No need for ... 

o ... disruptive equipment like 

HMD’s 

o ... hard to calibrate eye trackers 

o ... unreliable webcams used as 

eye tracker 

✓ No feelings being observed by a camera 
✓ No error sensitive calibration process 

✓ No disruptive pre-test needed 

✓ Online use 

✓ For quantitative analysis and qualitative 

observations 

✓ Option to integrate valuation of 

economic impact 

 

 
✓ Easy to use research dashboard in the 

cloud: 
o Create a study in minutes 
o Acquire panel in an instant 

o Realize direct useable insights 
with heatmaps, gaze paths and 

charts 
✓ More than measurement of attention: 

o From visual values to 

attachment scores 
o From attachment scores to 

economic impact 

o Attention linked to economic 
impact 

o Direct insight on options for 
improvements 

✓ Fully validated and patented 

✓ Low costs, high performance 
 

 

3.4. Validation 

The Neural Beam is a fully validated alternative to eye tracking. Both from a technical scientific 

perspective (see articles below) and an empirical perspective. Empirical examples: 

 

Contact 
121facts - Ab Kragtwijk - Kragtwijk@121facts.com – www.theneuralbeam.com 

Cell: +31 6 54 62662 
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Assessing Advertising Effectiveness:
The Potential of Goal-Directed
Behavior
Sebastian Berger, Udo Wagner, and Christopher Schwand
University of Vienna

ABSTRACT

Advertising clutter and declining audience attention means advertisers need pretesting to ensure the
effectiveness of their advertisements. This study uses, for the first time, a variable-resolution display
to measure viewers’ visual attention to advertising. The display features only the part of an ad that
corresponds with the observer’s eye gaze with high acuity, whereas the resolution of the other parts
reflects the decline in spatial resolution of the human visual system. Participants keep the highest
resolution area aligned with their foveal vision using manual cursor movements. In accordance with
neuroscientific theory, recorded cursor movements parallel the eye gaze patterns observed in a
control group. However, unlike tracking eye movements, the instrument offers a simple, unobtrusive,
low-cost, and time-efficient way to measure the effectiveness of visual advertising. The results
encourage the use of goal-directed manual pointing movements to indicate attentional signals
generated in the brain. C© 2012 Wiley Periodicals, Inc.

Declining advertising effectiveness, as a result of com-
petitive clutter, is well documented, as is the impor-
tant role of attention in this regard (e.g., Goodrich,
2011; Rumbo, 2002). However, most research into at-
tention focuses on the initial stage of a response hierar-
chy that distinguishes cognitive, affective, and behav-
ioral responses to a stimulus (e.g., Olney, Holbrook, &
Batra, 1991). Such an approach does not clarify how
consumers process information, because “when the
brain attends, it also perceives. When the brain at-
tends and perceives, it learns” (Parasuraman, 1998,
p. 3). Attention occurs concomitantly with compre-
hension, evaluation, and action—frequently outside of
viewers’ awareness (Bargh, 2002).

To acknowledge the significance and scarcity of vi-
sual attention to marketing, advertisers and scholars
have adopted the term “visual marketing” to refer to
the strategic use of commercial and noncommercial vi-
sual signs and symbols that deliver desirable and use-
ful messages and experiences to consumers (Wedel &
Pieters, 2008). However, the goal of getting a marketing
message to consumers can be compromised if the focus
is solely on breaking through the clutter created by
competing advertising messages. For example, adver-
tisers might choose highly salient or emotionally arous-
ing stimuli that attract consumers’ visual attention but
also distract them from the pictorial elements that con-
vey the intended message.

Because consumers generally are not interested
in commercial information, marketing designs must

ensure their attention gets immediately directed to the
crucial parts of the communication (Pieters, Wedel, &
Batra, 2010). In turn, an instrument that enables them
to pretest an advertisement to determine its effects on
viewers’ attention could maximize advertising impact
and help avoid potential failures. Prior research offers
an example in which improved design, based on pretest
recordings of eye movements, increased total ad atten-
tion by about 45% (Pieters, Wedel, & Zhang, 2007).

Thus, eye tracking is a popular method to measure
visual attention in scientific studies, though advertis-
ing practitioners rarely turn to it (Wang & Minor, 2008),
largely because of the complexity, time, and cost in-
volved in conducting such studies so far. Practitioners
instead tend to rely on data generated through sur-
veys, because written or spoken verbal reports are ver-
satile, easy to administer, inexpensive, and quick. But
mounting evidence indicates that introspection is an
unreliable predictor of consumer behavior (e.g., King &
Bruner, 2000); respondents often want to please the in-
terviewer, guess the goals of the research, and work to
convey a certain image. In addition, some people simply
lack access to their own thoughts and feelings or cannot
articulate them well (Woodside, 2006).

Measures of visual attention to advertising also
are limited to explicitly recalled information stored
in short- or long-term memory that can be expressed
by the interviewee (Aribarg, Pieters, & Wedel, 2010).
Yet very little of what people perceive gets stored in
their memory. Most visual percepts are fleeting and
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exist just for the time needed to engage in attentive
processing, without being remembered in retrospect
(Rensink, O’Regan, & Clark, 2000). Yet they still (un-
consciously) influence consumer behavior (Krishnan &
Trappey, 1999). Accordingly, advertisers need implicit
measures that can better predict consumer behavior
(Dimofte, 2010; Friese, Wänke, & Plessner, 2006). This
study suggests an instrument that can record visual
attention in an implicit, simple, unobtrusive, low-cost,
time-efficient manner, which meets both experimental
and practical requirements and thus can help bridge
the gap between researchers and practitioners in mea-
suring the effectiveness of visual advertising.

To introduce this method, this article is organized as
follows: the theoretical concepts of visual attention ap-
pear first, because they are essential cornerstones for
the new instrument measuring visual attention that
gets proposed subsequently. The instrument is tested
in two studies. Study I focuses on validation issues.
The new device measures the visual attention of par-
ticipants evaluating seven different ads, and the results
are compared with (1) traditional recall values collected
in a short questionnaire distributed to the respondents,
(2) results from saliency calculations for the analyzed
ads, and (3) eye-tracking analyses carried out with a
different sample. Study II reports on a field study in
a retail setting and supports practicability of the in-
strument. Finally, this article offers some conclusions,
limitations, and recommendations for further research.

VISUAL ATTENTION

The definition of attention in cognitive neuroscience
refers to the influence of the behavioral relevance of
a stimulus on its neuronal processing and represen-
tation. Unlike alertness, it involves selectivity. Visual
attention thus can be characterized by a selective modu-
lating influence on the activity of neurons in the visual
cortex of the brain (Treue, 2001). That is, it dynami-
cally binds attributes of objects without explicit neural
representations and biases the competition among the
assemblies of neurons to enhance the processing and
representation for the attended object (Koch, 2004). In
a broad sense, attention supports temporary and en-
during goal-directed behavior in the face of multiple
and competing distractions. The goals of the organism
and its associated behavioral patterns get activated by
environmental cues and the organism’s internal dispo-
sitions, such that attention links to emotion and moti-
vation (Parasuraman, 1998).

Cognitive psychology studies liken visual attention
to a spotlight that enhances the efficiency with which
organisms detect events within the “beam” (Posner,
Snyder, & Davidson, 1980). However, upon realizing
that attention is allocated to the brain and not to
the visual field, researchers transformed the notion of
an external spotlight into an internal neural spotlight
that sheds light on brain areas and neural connections
(Fernandez-Duque & Johnson, 1999).

The logic of this neural spotlight metaphor raises
the question of who or what controls the spotlight. A
current consensus indicates that the attentional selec-
tion of visual information results from both bottom-up
and top-down processes (Wolfe, 2000). First, bottom-up
attention implies that the selection of visual informa-
tion depends on the salience of basic object features
(e.g., color, contrast, motion, size, position) in the visual
field. The more the basic attributes of an object differ
from those of adjacent objects, the more salient it is. Be-
cause basic visual features, together with their layout
and saliency, get processed preattentively, bottom-up
attention automatically and unconsciously moves to the
most salient part of the visual field. Soon thereafter, the
location gets inhibited, and attention shifts to the next
most salient location, repeatedly, which generates a
scan path of visual attention. Bottom-up attention also
provides an early warning system for rapid assessment
and response to salient and potentially harmful events.
Neurological computer models can effectively predict
bottom-up visual scanning (e.g., Walther & Koch, 2006).
Second and in contrast, top-down attention falls under
volitional control and depends on the task. Voluntary
top-down deployment of attention allows observers to
seek information they need to achieve their current be-
havioral goals.

In daily life, the competing interaction between top-
down and bottom-up processes determines humans’ at-
tention. In situations in which they passively receive
and do not actively search for information, bottom-up
attention dominates. In particular, bottom-up attention
is the primary mode of operation for low-involvement,
incidental ad processing (Pieters & Wedel, 2004). Dur-
ing these incidental exposures, the ad’s influence is be-
yond the conscious control of the consumer, and though
they have no explicit memory of the ads, consumers’
attitudes toward the ad and brand change, such that
the likelihood they include a product depicted in an
ad in their consideration set increases (Shapiro, 1999).
Recall or recognition tests that focus only on memory
thus underestimate the potential effects of advertising.
However, if consumers have specific memory tasks to
accomplish in advance, their top-down attention dom-
inates their information selection process (Pieters &
Wedel, 2007).

Efforts to measure such attention processes of-
ten rely on eye movements (saccades), which offer
an operational definition of visual attention (Wang &
Minor, 2008). Tracking eye movements can measure
overt shifts in visual attention. In the overt modus of
visual attention, a spatial focus of attention occurs to-
gether with goal-directed movements, such as head,
body, and manual pointing and grasping movements,
which follow from an attentional signal in the brain
(Astafiev et al., 2003).

Fixations of different locations enable viewers to
discriminate details in the visual field and overcome
the acuity limitations of the retina. People move their
eyes three to six times per second to shift the center
of their retina (i.e., the fovea) to the parts of the visual
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field that demand high spatial acuity. This foveal, high-
resolution vision encompasses a visual angle of about
2 degrees (approximately twice the width of a thumb
held at arm’s length). Visual acuity drops off gradually
outside of the fovea in the parafovea (about 5 degrees
of visual angle) and the periphery (the retinal area be-
yond the parafovea). When the eye moves, vision is sup-
pressed; only between eye movements, when the eyes
remain fairly still, can information intake from the vi-
sual environment occur (Rayner, 1998). These fixations
thus offer indicators of what viewers’ process.

This limited acuity of the eyes also can be pro-
jected on computer monitors, in an effort to make more
efficient use of computational processing resources.
Gaze-contingent resolution displays used in combina-
tion with eye-tracking devices align the highest reso-
lution region of the display with the highest resolution
region of the eye. This experimental tactic has little
effect on perceptual quality or visual performance in
virtual environments (Geisler & Perry, 2002).

Visual attention also can be directed covertly to cer-
tain parts of the visual field. Neuroscientific studies re-
veal that the activity of visual cortex neurons increases
independent of viewing direction when attention shifts
to parts of the visual field that correspond with their
receptive fields (e.g., McAdams & Maunsell, 1999). The
receptive field of a neuron embraces the region of the
visual field in which visual information affects the neu-
ron’s level of activity. Thus, even if various details in
the visual field seem important, not all of them must be
directly fixated; only if the nerve that transfers the at-
tentional signal to the eyes is excited is eye movement
initiated.

IMPLICIT MEASUREMENT OF VISUAL
ATTENTION

In developing a complement to existing measurement
instruments, this study relies on two separate visual
pathways for perception and action from visual neu-
roscience as theoretical cornerstones (Goodale & Mil-
ner, 1992). First, the ventral pathway is an anatomical
stream that originates in the first visual cortex area
and passes through the second and fourth visual cortex
areas into the inferior temporal cortex. This anatomi-
cal stream is associated with the content of conscious
vision and frequently called vision-for-perception or the
“what” pathway because of its function: It extracts basic
object features and detects and discriminates objects.
Second, the dorsal pathway also diverts from the first
visual cortex area but then moves through the middle
temporal area into the posterior parietal cortex. This
stream therefore processes moment-to-moment infor-
mation about the location and disposition of objects
with respect to the effectors being used. It mediates in
particular the visual control of eye and arm movements
directed at those objects; thus, it is generally known as
vision-for-action or the “where” pathway.

The ventral and dorsal pathways are both subject
to the modulator influences of visual attention. They
have numerous direct cross-linkages and converge in
the lateral prefrontal cortex. Therefore, they seemingly
work closely together to produce adaptive behaviors.
The ventral stream (covertly) selects the target objects;
the dorsal stream simultaneously prepares the execu-
tion of (overt) goal-directed action toward these objects.
Both covert and overt shifts (i.e., eye movements and
manual pointing movements) of visual attention acti-
vate the same regions of the brain (e.g., Astafiev et al.,
2003).

Measuring covert ventral shifts of attention would
require recording neural activity, which contradicts
the goal of developing a simply, unobtrusive, low-cost,
time-efficient instrument. The close linkage between
the neuro representations that underlie perception and
behavior and the unconscious effect of perception on
behavior indicates a possible solution though. Because
“we often simply do what we see” (Dijksterhuis, Smith,
Van Baaren, & Wigboldus, 2005, p. 195), manual point-
ing movements may provide external cues that allow
inferences about the attentional signals generated in
the dorsal stream of perception.

However, manual pointing movements, in compari-
son with eye movements, are slower, require more ef-
fort, and, similar to head and body movements, are
rather imprecise as overt locators of visual attention.
These shortcomings can be mitigated with the use of a
cursor and computer mouse for manual pointing, which
is fast, effortless, and precise and, unlike eye-tracking
equipment, represents a low-cost and unobtrusive in-
put device. Convincing evidence also suggests that goal-
directed movements with a computer mouse strongly
correlate with the spatial focus of visual attention (e.g.,
Egner, Itti, & Scheier, 2000).

Nevertheless, a mouse-tracking tool must first en-
sure that eye gaze mainly complies with cursor move-
ments, because the viewer can access a detailed
internal representation of the location only if the eye
position corresponds with the spatial focus of attention
(O’Regan, Deubel, Clark, & Rensink, 2000). Therefore,
the proposed tool projects people’s limited acuity onto a
computer monitor and maintains the foveal, high acu-
ity vision aligned with the highest resolution area of
the monitor, according to cursor movements. That is,
only a small part of an ad appears accurately on the
screen, and the eye gaze on this part moves, like a spot-
light, according to mouse maneuvers. This metaphor
motivates the proposed name for the instrument: the
spotlight viewer. Abrupt movements with the mouse
cursor cause a loss of visual acuity in the computer-
simulated foveal and parafoveal vision, which accounts
for suppressed perceptions during eye movements.

Preliminary studies revealed that the starting point
of visual tracks was critically important. In real-life sit-
uations, consumers devote rather limited interest to ad-
vertising, unless the ad catches their attention. To map
this state of affairs, the spotlight viewer presents an
ad with low acuity at first, and the respondent selects
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Figure 1. Simulation of limited visual acuity. (a) Advertise-
ment presented with low visual acuity. (b) Advertisement with
foveal, high acuity vision shifted onto brand logo (on the bot-
tom right). [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

the starting point of the observation with spontaneous
pointing movement with the mouse cursor (Figure 1).
Along similar lines, Liechty, Pieters, & Wedel (2003)
find that perception serves an orientating function in
the initial stages of viewing an ad, determined primar-
ily by bottom-up processing.

The spotlight viewer maps the ventral path of per-
ception by selecting the region and the dorsal path of
planning, as well as programming eye (and if neces-
sary head) movements and cursor movements toward
the target location. Even if the execution of the cur-
sor movement is slower (or faster) than the eye move-
ment, they both highlight the image location that has
been (covertly) selected by the ventral system. Thus, by
recording the cursor movements, researchers can infer
the mental allocation of attentional resources by view-
ers.

EMPIRICAL EVIDENCE

To test the spotlight viewer, a newly developed com-
puter program provides a module that combines a
mouse-tracking device, that is a recording of cursor
movements (i.e., the position of the cursor on the
screen gets updated 10 times per second), and a gaze-
contingent display of ads. The employed resolution map
is based on standard formulas for visual acuity as a
function of eccentricity (Geisler & Perry, 2002). The
program also contains a statistical toolbox for analyzing
the data that can aggregate tracked paths over (parts
of) the sample, to focus on certain areas of interest (e.g.,
how many respondents saw the brand name, and how
long did they spend there on average?) and determine
the “typical” tracking course. A k-means cluster algo-
rithm (MacQueen, 1967) identifies “fixation” areas (i.e.,
clusters of adjacent cursor positions), and the Davies–
Bouldin index (Davies & Bouldin, 1979) automatically

discovers the number of clusters (for further details on
the implementation and options of the spotlight viewer,
see Berger, 2009).

Two studies are carried out to test the spotlight
viewer: Study I focuses on validation issues, Study II
on practicability in a real-life setting.

Validation Study

Design. The first step evaluated the performance of
the spotlight viewer as a measurement instrument in
a laboratory setting; the results then can be compared
with alternative ways to measure visual attention. The
selection of the ads to analyze followed the principles
defined by Leven (1991): The number of ads is set to
seven to minimize respondent fatigue or dislike, and
the selection is based on content (e.g., human presenter,
comic, promoted product, number of words) and design
(e.g., format, dominant color, position, and size of brand
name) variables. For reasons of practicability, the num-
ber of potential combinations exceeds the number of
ads tested, but the diversity of the ads (Figure 2) sup-
ports some generalization of the results. The selected
ads came from two popular Austrian magazines and
Austrian versions of two popular international maga-
zines.

Sample. Undergraduate marketing students (n = 201;
155 women, 46 men) participated in this study as part
of their course requirements. They tested the spotlight
viewer separately in sessions of approximately 15 min-
utes. After entering a plain room, participants sat down
in front of a computer monitor and received written and
verbal instructions on the use of the spotlight viewer.
They were informed that the study involved the simula-
tion of visual perception on a computer screen by means
of cursor movements. The participants were asked to
relax and browse through a virtual magazine, as they
normally would do at home. Following the instruction
provision, the students completed a trial run with seven
noncommercial visual scenes. After the trial, they per-
formed the actual test, in which they looked at the seven
advertisements. The sequence of the ads was random
across participants to control for order effects.

Data Collection. The participants started their test
run by clicking with the computer mouse on a start
button located in the center of a gray window, which
fully covered the computer screen (called the start win-
dow). The entire first advertisement then appeared,
with the lowest computer-simulated peripheral acu-
ity (Figure 1a). The participants had to click sponta-
neously on the screen location that first captured their
attention. In the rare case that someone did not choose
an observational starting point within three seconds,
the participant was reminded by a pop-up window to
click. After the participant confirmed this message, the
start window appeared again, and he or she contin-
ued with the subsequent advertisement (i.e., skipping

414 ASSESSING ADVERTISING EFFECTIVENESS
Psychology and Marketing DOI: 10.1002/mar



Figure 2. Advertisements analyzed with the spotlight viewer [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

the previously displayed ad). As soon as participants
selected the region they initially looked at, the resolu-
tion map was activated and the cursor symbol (arrow)
disappeared. Instead of the cursor symbol, the display
area at and around the current position of the cursor
was displayed with the highest resolution (Figure 1b);
the central point of the resolution map was defined as
an active mouse pointer. The display resolution gradu-
ally decreased with increasing distance from this area
of high acuity, to reflect parafoveal and peripheral vi-
sion. Participants viewed an advertisement by shifting
the computer-simulated foveal (and parafoveal) area
with the computer mouse to the regions of the ad that
seemed of subjective interest and thus that they wanted
to explore in detail. If these movements covered a dis-
tance of more than five pixels per millisecond, it was in-
terpreted as eye movement, and the (simulated) foveal
and parafoveal acuity around the cursor position turned
off to reflect saccadic suppression (Rayner, 1998).

A click on the location also launched an internal
clock; the time allowed to explore the ad was seven
seconds, after which the start window appeared again
and participants could open and view the next promo-
tional scene. This process continued until they had seen
all seven ads. The chosen time span of seven seconds

per advertisement is less than viewers need to collect
complete information (Pieters & Warlop, 1999) which
allows determining the most eye-catching locations.
Analyzing the effects of the even shorter observation
periods frequently encountered in real-life situations
(e.g., two seconds) is easy, because the toolbox of the
spotlight viewer allows users to specify the time span.
After completing the test run and without previous no-
tice, participants were asked to recall spontaneously
the brands promoted, as well as any pictorial or text
elements in the ads.

Results for Selected Ad. For space considerations,
this section outlines selected results pertaining only
to the first ad (A – Nespresso) in Figure 2; however,
an Appendix detailing the results related to the other
ads is available on request. Accordingly, Figure 3a il-
lustrates the typical viewing pattern of a viewer con-
fronted with the Nespresso advertisement, as identi-
fied by the spotlight viewer. It starts with the face of
Hollywood actor George Clooney (1) and proceeds to his
hands (with the coffee capsule) and the product slogan
(2). Subsequently, attentional resources shift to the cof-
fee machine (3) and then to the café latte (4). At the end
of the observation period, attention typically has been
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Figure 3. Nespresso advertisement analyses. (a) Typical path of attention determined by the spotlight viewer. (b) Summary
statistics for selected areas of interest determined by the spotlight viewer (n = percentage of respondents who scanned this area,
d = average duration spent there). (c) Typical path of attraction when considering saliency of the ad. Note: Encircled numbers
reflect the recorded (a and b) or simulated (c) sequence of attention. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

captured by the brand logo (5). The diameter of the
clusters in Figure 3a represents the average deviation
of the recorded data points of a cluster from its center.

Figure 3b in turn reveals the capability of certain
areas to capture and retain attention. According to this
analysis, George Clooney’s face attracted attention in
the beginning (i.e., first cluster of cursor positions), and
96% of the respondents inspected this area and stayed
there for the longest time (i.e., on average, 0.6 seconds).
These durations should be interpreted in a relative
rather than an absolute sense (i.e., George Clooney’s
face is scanned substantially longer than his hands),
because they only refer to the (narrow) areas of in-
terest and vary substantially across respondents. All
observers saw the product slogan. The vast majority
also paid attention to George Clooney’s hands with the
coffee capsule (98%), the automatic coffee maker (98%),
and the brand logo (83%). They largely ignored the Web
address; only 7% quickly glanced at it at the end of the
observational period. Reducing the time span for track-
ing generally comes at the expense of the areas visited
later. This finding also is confirmed for the spots visu-
ally visited first.

Results for the Whole Sample of Ads. Although lim-
ited in scope and breath, the combined results of the
spotlight viewer study are summarized in Table 1 and
reveal the typical order in which viewers see the el-
ements of an advertisement (Pieters & Wedel, 2004;
Rosbergen, Pieters, & Wedel, 1997). The attentional
scan path proceeds from images of humans to product
slogans (ads A, D, E of Figure 2) or from dominant
product slogans to images of objects (ads B, C, G). The
chance that the product slogan attracts attention first

Table 1. Results for the Whole Sample of
Advertisements.

Areas of Interest VisitedElements of
Advertisement First Second Third or Later

Image of person 3 2
Image of object 1 2
Slogan 3 2 1
Textual
message

1 4

Brand logo 2
n̄ =average
percentage of
respondents
who scanned
this area

96.3 95.7

d̄ =average
duration spent
there

.73 .56

Recalled best 6 1

increases with its size (ads B, C, G). However, if a per-
son is displayed, his or her face acts as an eye catcher
and becomes the starting point of the observation (ads
A, D, E). After looking at the picture and the slogan,
viewers allocate attention to the product, then shift to
the main textual message of the ad and finally to the
brand logo. Slogans and pictures of persons, objects,
and products attract attention more often than brand
logos and text messages. Usually, there is concomitant
variation between the sequence of the visits and the du-
ration of time spent in each location. Images, followed
by the product and then the slogan, thus attract the
longest gaze duration, and shortest duration is devoted
to the main textual message.
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Comparison of Results with Recall Values. The
(unaided) recall data collected at the end of the study
reveal relatively high recall, likely because of the rather
short time between exposure and survey; therefore,
these numbers demand relative evaluations. The com-
parison shows that the starting points of the scan paths
not only receive the longest gaze duration but also are
remembered best (e.g., for Nespresso, 77% of respon-
dents recalled George Clooney). This coordination could
be due to a primacy effect (Sederberg et al., 2006). A
picture superiority effect on memory also is apparent
(Childers, 1986), in that participants recall pictorial in-
formation more easily than textual information.

Comparison with Ad Saliency. A saliency model
(Walther & Koch, 2006) predicts the attentional scan
path on the basis of the most salient locations in an
image, as Figure 3c shows for the Nespresso ad. Two
main differences emerge between the recorded atten-
tional scan path (Figure 3a) and the simulated one
(Figure 3c). First, the sequence of attentional alloca-
tion differs in the beginning. The saliency model iden-
tified the silver reflective left corner of the automatic
coffee maker as the most prominent, followed by George
Clooney’s right hand. It consequently assumes that
these areas, not the face of George Clooney, attract
viewers’ initial attention. Second, the model does not
classify the product slogan as salient and thus excludes
it from the predicted attentional scan path. The results
for the other ads suggest a similar trend: The predicted
attentional path deviates somewhat from the recorded
one, because the models rely on basic visual differences
but do not account for the information content of image
areas. In other words, saliency models can predict the
bottom-up guidance of attention but ignore potential
top-down influences.

Comparison with Eye-Tracking Data. The preced-
ing two comparisons indicate that the spotlight viewer
offers a valid instrument for measuring visual atten-
tion. To confirm this finding, the next comparison in-
volved additional data gathered using conventional eye-
tracking devices. To avoid biasing the results by using
ads already known to the respondents, the eye-tracking
control group consisted of different respondents who
represented the same pool of students (n = 25; 18
women, 7 men). A contact-free, remote-controlled in-
frared eye camera with automatic eye and head track-
ers integrated with a computer monitor (SMI RED, n.d.)
tracked their eye movements. The spatial precision of
the data collection was less than 0.4 degrees of the vi-
sual angle at a sampling rate of 25 ms (60 Hz). After a
calibration procedure, in which the respondents looked
at circles projected on the monitor, they were told to
look freely at several pictures while their eye move-
ments were recorded. The same ads as in the spot-
light viewer study appeared on screen (for the same
duration). The results were computed with the system-
integrated software (BeGaze, n.d.).

Again for space considerations, this section includes
only selected results, and additional results are avail-
able on request. Figure 4 (left part) contrasts the results
for ad D (see also Figure 2, right upper corner), as deter-
mined by the spotlight viewer, with the results gener-
ated by the eye tracker. Figure 4 (right part) shows
the results for ad G (see also Figure 2, right lower
corner). Color-coded charts that depict heat maps, in
which red areas highlight locations viewed most fre-
quently, reveal the degree of visual attention allocated
to the advertisements after time spans of two (Figure 4,
columns 1 and 3) and seven (columns 2 and 4) seconds.
Two seconds is the typical observation period for print
advertising in an editorial context (Pieters, Wedel, &
Batra, 2010); seven seconds is the time interval used in
the spotlight viewer study. The clear evidence indicates
very similar results for both the spotlight viewer and
the eye tracker studies. These findings extend to the
other ads analyzed as well.

Findings. According to this study, the Nespresso ad
effectively communicates the advertising message to
customers. Despite the use of an emotionally charged
stimulus (George Clooney, spontaneously recalled by
77% of the participants), viewers’ attention was not
distracted from the product slogan, product, or brand
logo, probably due to the arrangement of these elements
alongside George Clooney: After their attention was
captured by George Clooney’s face, typical observers
scanned the body and thereby perceived the crucial ad-
vertising elements.

For the purpose of this article, it also is important to
highlight that the data collection through the spotlight
viewer was relatively easy, and the results achieved
appear valid, according to three separate forms of com-
parison.

Field Study

To demonstrate the efficiency of the spotlight viewer in
a real-world context, the field study involved a retail
setting. An Austrian grocery chain decided to promote
new baking facilities available in its stores and thus
needed to evaluate its new communication campaign,
including different versions of its in-store displays. In
particular, management wanted to know if the design
of new storefront, leaflet, and in-store displays would
be more effective than current designs for delivering
the intended message to the target audience. The field
study included a purposive sample of customers of this
retail chain. Half of the 370 people who participated
evaluated the current version, and the other half as-
sessed the new design for the in-store display. The spot-
light viewer recorded visual attention by both groups;
the typical attentional scan paths appear in Figure 5.
The percentages reflect the proportion of participants
who paid attention to the indicated areas.

The brand name of the chain (Nah&Frisch) at-
tracts the primary attention in the current version
(Figure 5a), whereas the new design (Figure 5b)
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Figure 4. Heat maps comparing the spotlight viewer (first row) and eye-tracking (second row) results. Notes: Columns 1 and 3
present the results for an observational period of two seconds; columns 2 and 4 are for seven seconds. [Color figure can be viewed
in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Typical path of attention for existing (a) and new
(b) in-store displays. Notes: Percentages reflect the fraction
of respondents who scanned this area; the encircled numbers
are the recorded sequence of attention. [Color figure can be
viewed in the online issue, which is available at wileyonlineli-
brary.com.]

primarily conveys the product message (translated:
“Especially for you: Oven-fresh bakeries!”). Because
only consumers who already shop in the retail store see
this in-store display, delivering a product message ap-
pears more critical than citing the retail brand (Chan-

don, Hutchinson, Bradlow, & Young, 2009). Therefore,
the retailer adopted the new point-of-purchase adver-
tising design, with the support of the study results.

The spotlight viewer offers a means to determine
whether a marketing message is being communicated
to the target audience, prior to the actual media place-
ment of the advertisement. Using such pretests, adver-
tisers can choose a draft advertisement that promises
to be the most effective.

DISCUSSION

The scientific plausibility of the use of goal-directed
manual pointing movements to indicate the allocation
of attentional resources and the results of a cross-
validation of the spotlight viewer with eye-tracking
data provide support for the validity of the new instru-
ment. Saliency models only consider reflexive, bottom-
up guidance of visual attention, and recall measures
are subject to postcognitive distortions and limited to
what can be readily remembered and verbalized. The
new method instead captures both bottom-up and top-
down domains of attention, as well as any hybrid form
of these two modes of operation. For example, the spot-
light viewer results for the Nespresso ad in Figure
3 clearly indicate that highly salient but less infor-
mative image locations (i.e., upper left corner of the
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coffeemaker) were part of the attentional scan path, as
were less salient but informative areas (i.e., product
slogan). According to these results, areas that are in-
formative and salient (e.g., George Clooney’s face) have
the greatest potential to attract attention.

The findings of the spotlight viewer study confirm
what is commonly known from eye-tracking research:
When consumers look at an ad, they scan its various
elements in a typical sequence, and some areas gain
more frequent and longer lasting fixations. In addition,
gaze patterns may be independent of the content of the
ad and instead reflect the direction of scanning (cen-
ter to top, top to bottom), reading direction (in Western
cultures, left to right, top to bottom), or the presence
of emotional stimuli (e.g., faces) (Pieters, Rosbergen,
& Hartog, 1996; Pieters, Rosbergen, & Wedel, 1999;
Pieters & Wedel, 2004; Rosbergen, Pieters, & Wedel,
1997; Wedel & Pieters, 2000). Furthermore, this study
confirms cognitive phenomena such as primacy and pic-
ture superiority effects.

The spotlight viewer instrument thus is charac-
terized by high reliability, objectivity, and practi-
cability. Both the exclusion of user-caused failures,
through a trial run that helps participants learn how
to use the spotlight viewer, and the pixel-accurate
measurement of cursor movements contribute to the
reliability of the new instrument. Moreover, unlike
most eye-tracking devices, respondents’ characteristics
(e.g., wearing glasses/contact lenses, rheumy eyes, very
light/dark pupils, abrupt eye/head movements) and eye
blinks cannot bias the data.

The independence of the results from the investiga-
tor’s influence (i.e., objectivity) is assured because the
recording and analysis of the data, as well as most of
the parameters, have been standardized according to
the anatomical and physiological characteristics of hu-
man eyes and existing knowledge in attention research.
The interpretation of the data is comparatively simple
and objective, because mouse cursor movements, not
far more complex eye movements or brain activities,
are the focus of the interpretation.

Perhaps the most notable difference from previous
efforts though is the high practicability of this new
research tool. As opposed to eye-tracking and brain-
scanning devices, the spotlight viewer offers a less
complex, unobtrusive, low-cost, and time-efficient way
to measure the effectiveness of visual advertising. It
also supports large sample sizes, particularly via the
Internet.

From a managerial point of view, the use of the spot-
light viewer can produce more rational decisions about
advertising campaigns and designs and thus signifi-
cantly improve the process associated with designing
ad copy.

Limitations

These results, though promising, are clearly prelimi-
nary. This investigation contains a limited number of

advertisements and target groups. Moreover, it offers
only a modest consideration of potential moderating in-
fluences. An exploratory analysis revealed gender and
the hand used to operate the cursor (i.e., left vs. right
hand) did not affect the results. However, this study
ignores other likely moderators, such as the degree
of familiarity with the advertisement, brand/product
awareness, involvement, and attitudes, as well as other
demographics. Rosbergen and colleagues (1997) report
that such variables might influence the selection of vi-
sual information.

Further Research

The preceding limitations point to several avenues for
research, including replication studies that broaden the
scope of the investigation and consider the heterogene-
ity of respondents. Further empirical studies should
employ the spotlight viewer in a more realistic setting,
such as by embedding the ads in editorial context, al-
lowing the observation period to be determined by the
respondent and not by the investigator, and eventually
developing a decentralized, natural setting in which re-
spondents can participate via the Internet (from their
homes). Furthermore, current research could be ex-
tended by applying the proposed instrument to dynamic
visual stimuli (e.g., commercials) and interactive stim-
uli (e.g., Web sites).
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Dynamic shifts of visual receptive fields in cortical
area MT by spatial attention

Thilo Womelsdorf1,2, Katharina Anton-Erxleben2, Florian Pieper2 & Stefan Treue2

Voluntary attention is the top-down selection process that focuses cortical processing resources on the most relevant sensory

information. Spatial attention—that is, selection based on stimulus position—alters neuronal responsiveness throughout primate

visual cortex. It has been hypothesized that it also changes receptive field profiles by shifting their centers toward attended

locations and by shrinking them around attended stimuli. Here we examined, at high resolution, receptive fields in cortical area

MT of rhesus macaque monkeys when their attention was directed to different locations within and outside these receptive fields.

We found a shift of receptive fields, even far from the current location of attention, accompanied by a small amount of shrinkage.

Thus, already in early extrastriate cortex, receptive fields are not static entities but are highly modifiable, enabling the dynamic

allocation of processing resources to attended locations and supporting enhanced perception within the focus of attention by

effectively increasing the local cortical magnification.

Vision at an attended location is faster, more accurate, and of higher
spatial resolution and enhanced sensitivity for fine changes1–4. Stimuli
outside this ‘spotlight of attention’ appear to have lower contrast or
might not be perceived at all5,6. Physiologically, one well-investigated
effect of attention in visual cortex is a multiplicative modulation of
neuronal responses7–9. But not all observed effects of attentional
modulation are clearly multiplicative10–11. Most prominently, this is
the case for the effect observed when one of two stimuli inside the
receptive field is attended to: attending to the stimulus that elicits the
stronger sensory response when presented alone typically enhances
responses, whereas attending to the less optimal stimulus reduces
responses12–14. It has been suggested12 that the neural basis of this
differential, push-pull modulation of the respective effectiveness of
each stimulus is a shrinkage of receptive fields around the attended
stimuli. This would attenuate the influence of unattended stimuli
at nearby locations. This influential hypothesis has never been empiri-
cally validated. Such changes in the profiles of receptive fields would
have far-reaching consequences in successive areas of the cortical
processing hierarchy15–18. In particular, it would provide higher-
order areas with an almost exclusive representation of stimuli at the
attended spatial location19.

RESULTS

Neuronal shifts with attention inside the receptive field

To investigate the influence of attention on receptive fields, we recorded
from 78 neurons in cortical area MTof two macaque monkeys. Area MT
is an early processing stage in the dorsal pathway and is central for the
processing of visual motion information. Recordings were made while
the monkeys’ attention was directed to one of two stimuli (S1, S2)

moving in the antipreferred direction inside the receptive field, or to a
third stimulus (S3) positioned outside the receptive field (Fig. 1). We
acquired high-resolution maps of a neuron’s receptive field by present-
ing a succession of brief probe stimuli at up to 52 positions covering the
receptive field (sparing the locations of S1 and S2) while the monkey’s
attention was allocated to one of the three stimuli. Probe stimuli were of
the same size as S1, S2 and S3 but of higher contrast, and they moved in
the preferred direction of the neuron. We conjectured that the hypothe-
sized distortion of the receptive field would result in a push-pull effect,
enhancing probe responses around the attended location and reducing
responses to the probe farther from this focus of attention.

The results for an example neuron (Fig. 2; see also Supplementary
Fig. 1 online) illustrate that the most responsive part of the receptive
field was shifted substantially toward the attended position inside the
receptive field (that is, when attention was directed toward S1 and S2,
which were located inside the receptive field). To quantify this effect
across our sample of 78 MT neurons, we determined the ‘neuronal
shift’: the amount by which the center of mass of each receptive field
shifted between the conditions when attention was directed to S1 versus
S2 along the axis of the ‘attentional shift’ (that is, the connection
between the locations of S1 and S2). Positive values indicated shifts in
the same direction as the attentional shift (that is, toward the focus of
attention; Fig. 3a). Across our cells, we found a highly significant
neuronal shift that averaged 30.3% of the attentional shift (Fig. 3b
horizontal axis, Po 0.001, t¼ 14.0, one-sample t-test). For the sample
of receptive field sizes and stimulus locations in our study, this
corresponded to an average shift of 3.01 of visual angle or 22% of the
receptive field diameter. Additionally, we determined the shift for the
orthogonal direction (with positive values indicating shifts toward the

Received 7 June; accepted 20 July; published online 13 August 2006; doi:10.1038/nn1748
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fovea) as a measure of the variability of the data. This distribution
showed no significant bias (Fig. 3b vertical axis, P ¼ 0.48).

To determine how many of the individual cells showed a significant
shift, we performed a bootstrap analysis (Supplementary Note online).
Of our 78 cells, 49 (63%) showed a significant (Po 0.05) receptive field
shift in the direction of the attentional shift, and none shifted sig-
nificantly in the opposite direction. In contrast, the orthogonal shift was
significant (P o 0.05) in only 3 cells (3.8%), indicating that the
receptive fields displacement fell along the axis of the attentional shift.

We can rule out the possibility that the neuronal shift was due to
small differences in eye position across conditions, because we calcu-
lated the deviation in eye position along the axis of the attentional shift
and found an average displacement of only 0.01821 (± 0.00651, s.e.m.;
details in Supplementary Note and Supplementary Fig. 2 online).

Receptive field size changes with attention

To determine if the neuronal shift was accompanied by the hypothe-
sized shrinkage of the receptive field around the attended stimulus, we
compared the size of receptive fields when attention was directed inside
versus outside the receptive field. Whereas receptive fields were, on
average, 4.3% smaller with attention inside the receptive field (Fig. 3c),
this effect was only marginally significant (± 3.4%, 95% confidence
interval, P o 0.05, t ¼ –2.56, paired t-test). Receptive field shrinkage
was isotropic—that is, similar in magnitude parallel and orthogonal
to the direction of the attention shift (Supplementary Note and

Supplementary Fig. 3 online). Thus, the influence of spatial attention
was dominated by a shift, rather than a shrinkage, of receptive fields,
and our observation of only a small amount of shrinkage resonates
with the psychophysical observation of a coarse spatial resolution of
visual attention20.

Our findings demonstrate that the enhanced/reduced response of
MT neurons when spatial attention is directed to the preferred/
antipreferred of two stimuli inside their receptive field can be
accounted for by a systematic and large change in the receptive field
profile. In effect, attention changes the spatial filtering characteristics of
those MT neurons whose receptive fields overlap with the currently
attended location.

Spatial extent of receptive field shifts with attention

For an attentional location just outside the receptive field, a previous
study in area V4 (ref. 21) has demonstrated that receptive fields are
distorted toward the location of attention. We were wondering if such
an effect is also present in area MT and if it extends beyond the
immediate surround of the receptive field. To investigate this issue, we
compared the receptive field profile when attention was directed to
either S1 or S2, located inside the receptive field (the ‘in’ condition), to
the profile when attention was directed to S3, located far outside the
receptive field in the opposite hemifield (the ‘out’ condition; Fig. 4a). If
the receptive field in the out condition was unaffected by the location of
the attentional focus relative to the receptive field, the in condition
should shift the receptive field center along a vector pointing directly at
the attended stimulus’ location inside the receptive field. If, on the
other hand, the receptive field center in the out condition was already
attracted toward the attended stimulus’ location outside the receptive
field, then switching to the in condition should not only shift the center
to the new location of attention, but should also release it from the
attraction toward the S3 location. In this case, the resulting shift vector
should not point directly at the attended stimulus’ location inside the
receptive field, but should be deviated somewhat by a vector compo-
nent pointing away from the direction of S3. We found just that for a
significant majority of the vectors (62.5%, P o 0.05, Wilcoxon signed
rank test; Fig. 4b). Further support for a shift of the receptive field
center toward the location of attention in the out condition came from
the finding that the eccentricities of the receptive fields in trials with
attention outside the receptive field were smaller than their eccentri-
cities in trials with attention inside the receptive field (7.9%, P¼ 0.019,
paired t-test). These findings are not only in agreement with the
findings from V4, but go well beyond them in demonstrating a
far-reaching effect of spatial attention that even affects neurons with
receptive fields in the opposite hemifield.

DISCUSSION

One effect of spatial attention that has been reported frequently is a
multiplicative modulation of tuning curves7–9. The push-pull modula-
tion of MT receptive fields with shifts of spatial attention within the

Cue

S1,S2,S3

Probes

0 44
0

Tim
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Time
(ms)

RF outline

74
5

58
0

S3 S2 S1

95
9

1,
27

4

1,
48

8

1,
70

2

Figure 1 Experimental protocol. Time course of events and example of the

placement of cue, stimuli and probes in an experimental trial (details in

Methods). Black square, fixation point.

500

5°

S1 S2

0–40 40

a

c

b

d

spikes per s

Figure 2 Receptive field profiles of an example cell, as 2D surface plots.

(a–c) Receptive field (RF) profiles when attention was directed inside the RF,

to stimulus S1 (a) or S2 (c), or when attention was directed outside the RF, to

S3 (b). The surface color at each point in the plots indicates the increase in
the neuron’s response elicited by the presentation of a probe stimulus at that

position, over the response observed in the absence of a probe (that is, when

only S1 and S2 were present). Supplementary Fig. 1 online shows the same

data as absolute firing rates. (d) Difference map, computed by subtracting

the RF when attention was on S1 from the RF when attention was on S2.

The map illustrates that shifting attention from S1 to S2 enhances

responsiveness around S2 and reduces it near S1.
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receptive field is not a multiplicative change of a neuron’s spatial tuning
curve; nevertheless, it is important to point out that the underlying
attentional modulation might still be multiplicative. If attention
differentially acts on the neurons with smaller receptive fields that
provide the input to MT, the observed modulation in receptive field
profiles could be achieved with multiplicative effects: for instance, by
increasing the response gain of input neurons representing the attended
location and decreasing the response gain of the neurons representing
unattended regions within the MT receptive field15.

Our findings show that spatial attention shifts the receptive fields of
MT neurons toward the attentional focus. Such a dynamic routing
provides a powerful mechanism to increase selectivity of visual repre-
sentations within and across functionally specialized visual areas, and
serves to constrain models of the perceptual organization of selective
visual processing. For the neural population as a whole, the spatial shift
reflects the additional recruitment of processing resources at the focus
of attention. Paralleling the increase in the observed magnitude of
attentional modulation, the shifts of receptive fields probably increase
with increasing receptive field size in successive areas of the visual
hierarchy. It could also be the neural correlate of various perceptual
effects that are centered on the focus of attention, including enhanced
processing accuracy and spatial resolution close to the attentional focus,
suppression in its surround and distortions in spatial judgments22–25.

In summary, our finding that receptive fields are highly malleable by
the attentional state demonstrates a dynamic spatial filtering system
that could provide the neuronal correlate of the central purpose of
attentional modulation: namely, the allocation of processing resources
to the attended stimuli at the expense of the unattended ones. This
dynamic modification by spatial attention seems to affect the receptive
field mosaic across the whole visual field and is likely to be part of a
mechanism active during the planning or execution of eye move-
ments26–29. Furthermore, the similarity between the far-reaching influ-
ence of spatial attention across the visual field and the distribution of
feature-based attention7 supports the hypothesis that both rely on a
common underlying mechanism.

METHODS
Electrophysiological recording. All procedures reported in this study were

approved by the district government of Braunschweig, Lower Saxony, Germany.

Neuronal activity was recorded from 57 and 21 single isolated cells from

Figure 3 Quantification of RF shift and shrinkage.

(a) Convention used to quantify the shift of RF

centers. (b) Magnitudes of the neural shifts, along

the axis of the attentional shift (x-axis and top

histogram) or orthogonal to it (y-axis and right

histogram; positive values indicate shifts toward

the fovea). Light gray, monkey D; dark gray,

monkey R. Circle, example cell illustrated in
Figure 2 (attentional shift: +53.6%.). Filled and

unfilled histogram bars and symbols indicate

significant (P o 0.05) and nonsignificant shifts,

respectively. The top histogram shows a highly

significant mean neuronal shift toward the

attended stimulus (30.3% ± 4.3% (95% CI),

P o 0.001). This mean shift was larger in

monkey R (35% ± 4.8%) than in monkey

D (18% ± 6.2%). There was no significant bias

in the direction orthogonal to the direction of

the attentional shift (mean: 1.3% ± 3.5%).

(c) Histogram of RF size changes when attention

was directed outside versus inside the RF. Stars,

size change of the example cell from Figure 2; the RF shrank when attention was directed toward S1 or S2 (–9.5% and –4.4%, respectively). The histogram is

shifted slightly to the left, indicating a small but significant mean reduction of RF size (4.3 ± 3.4%, 95% CI, P o 0.05, paired t-test) when attention was

directed into the RF. The size reduction did not differ significantly between the two monkeys and was around the 0.05 significance level when the two data sets

were analyzed separately (monkey R: –3.7% ± 4.3%, P ¼ 0.077; monkey D: –5.7% ± 5.6%, P ¼ 0.039).
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Figure 4 Receptive field shift when attention is directed inside versus outside

the receptive field. (a) Typical stimulus arrangement. Black circle and gray

diamond, RF center positions. Vectors indicate the direction of a direct shift

of the RF center toward the attended stimulus inside the RF (the ‘reference

vector’) and the direction of the observed shift. Note that the eccentricity of

the RF when attention was directed inside the RF (distance from fixation

point to gray square) was, on average, 7.9% larger than the RF eccentricity

when attention was directed to S3 (distance from fixation point to black

circle). We analyzed the data from the two monkeys separately and found

that this effect was significant only in monkey R (9.9%, P ¼ 0.02).

(b) Distribution of observed shift vectors. These data are based on the

64 cells for which sufficient data were available for both the attend-outside

(to stimulus S3) and each of the attend-inside (to stimulus S1 or S2)

conditions. All vectors were rotated, such that the reference vector would

point straight up, and flipped horizontally (if necessary), such that the

S3 stimulus position would be on the right. The gray arrow pointing in the

direction opposite to the location of S3 indicates a systematic and significant
deviation of the vectors (average deviation of 15.21, 95% angular

confidence: ± 9.81, P o 0.05), and implies a far-reaching modulation of

receptive fields by attention. We analyzed the data from the two monkeys

separately and found that this effect was significant only in monkey

R (19.2 ± 10.51, P o 0.05).
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monkeys R and D, respectively, with tungsten electrodes (impedance

1.0–4.0 MO, Frederick Haer). Cell isolation was based on window discrimina-

tion (BAK Electronics or Plexon). Cells were localized in area MT by their

physiological characteristics and the histological reconstruction of recording

sites in monkey R. Access to MT was provided by a craniotomy and a recording

chamber surgically implanted above the superior temporal sulcus of the left

hemisphere. During the experiment, a custom computer program running on

an Apple Macintosh PowerPC controlled stimulus presentation, and monitored

and recorded eye positions and neuronal and behavioral responses. Eye

positions were determined using a high-resolution, video-based eye tracking

system (ET49, Thomas Recording GmbH) with a sampling frequency of 230

Hz, and were digitized and stored at 200 Hz.

Visual stimuli. Stimuli were moving random dot patterns (RDPs) of small

bright dots (density: 10 dots per deg2) plotted within a stationary circular

aperture on a dark (0.7 cd) computer monitor. For each receptive field, stimuli

S1 and S2 were placed at similarly responsive positions in the receptive field at

equal eccentricity and equidistant from the center of the receptive field when

the monkey was directing its attention to the fixation point. S3 was placed in

the opposite hemifield. Initial estimation of this ‘sensory’ receptive field center

was based on a manual mapping with a mouse-controlled RDP and with

quantitative mapping during the main experiment. Note that the shift and

shrinkage of the receptive field when attention was directed to S1 or S2 could

cause the other stimulus to fall outside the receptive field on those trials (see

Fig. 2a–c for an example). Note also that the initial manual mapping was used

only for the placement of the stimuli. All receptive fields profiles used in the

analysis were mapped quantitatively during temporally interleaved trials in

which attention was directed to S1, S2, S3 or the fixation point. Therefore all

receptive field profiles used in the analysis were determined with temporally

interleaved mapping. This ensured that the results were not contaminated by

potential changes in a neuron’s isolation or responsiveness over time.

Stimuli S1, S2 and S3 moved in the cell’s antipreferred direction and with a

reduced luminance (19 cd) in order to prevent a saturation of the cell’s

response due to the presence of S1 and S2 alone. A fourth RDP (the ‘probe’,

47 cd) moving in the preferred direction of the neuron was used to probe the

spatial sensitivity. This probe stimulus was of the same size as S1, S2, and S3,

and was presented at the intersections of a dense grid (between 42 and 52

positions) spanning the classical receptive field and its immediate surround,

but sparing the S1 and S2 location (in order to avoid potential nonlinear

interactions and changes in the sensory quality of S1 and S2 that could affect

the attentional task performed on these stimuli). The longer axis of the elliptical

probe grid was always along the S1–S2 axis.

Experimental procedure. First we isolated a single cell and determined its

preferred direction. Then we centered the virtual grid of the array of probe

positions at the estimated center of the receptive field (Fig. 1), in an approach

similar to that used in a previous study30. A trial started once the monkey’s gaze

was directed within 0.751 of the fixation point. After the monkey touched a

lever, the cue (a stationary RDP) appeared for 445 ms at the upcoming position

of either S1, S2 or S3, indicating the ‘target’ location for the trial. After a 145-ms

interstimulus interval, S1, S2 and S3 were presented. The task was to detect a

brief (80 ms) phase during which the target (the stimulus at the previously cued

location) moved in a different direction, while ignoring equivalent phases in the

two other RDPs (the ‘distracters’). Successive presentation of the receptive field

probe stimulus began 160 ms after the onset of S1, S2 and S3. Probe duration

was 187 ms with an interprobe blank period of 27 ms. The direction of the

target and the distracter stimuli changed 670–4,670 ms after the trial began; the

times of these changes were randomly picked from a uniform distribution. In

control trials, the monkey had to detect a change in the color of the fixation

square. Trials were aborted if the monkey’s gaze left the fixation window or if the

monkey released the lever outside a 150- to 750-ms time window after the

change of the target stimulus (for example, because the monkey released the

lever in response to a distracter change, or if it failed to detect the target change).

Data analysis. To analyze the data, we used the mean neuronal responses to

probe presentations from only the correctly completed trials in the three

experimental conditions (that is, when attention was directed to S1 (‘attend-

inside’ receptive field), to S2 (‘attend-inside’ receptive field) or to S3 (‘attend-

outside’ receptive field)). The mean firing rate was computed for a 60- to

200-ms interval after the onset of the probe stimulus. For each condition, some

of the probe presentations were skipped (that is, no probe was shown) in order

to determine the cell’s response to S1 and S2 alone. This baseline was subtracted

from all probe responses before the interpolation of the receptive field profile

by cubic spline interpolation. These two-dimensional (2D) profiles were used

to determine receptive field centers and sizes.

We calculated the shift of the receptive field (Fig. 3b) between attentional

conditions by using the center of mass of one-dimensional projections of the

receptive field surface. For this analysis, we averaged the activity of the receptive

field profile orthogonal to the axis connecting the two stimuli within the

receptive field (Fig. 3b, horizontal axis) or to an orthogonal axis (Fig. 3b,

vertical axis). Averaging was limited to regions of the receptive field surface that

exceeded two s.d. of the baseline response in any of the attentional conditions,

in order to exclude visual field regions that did not contribute to the receptive

field profile. For each 2D projected receptive field slice, we determined the

center of mass and the peak positions (data not shown but qualitatively

identical to results with the center of mass). Receptive field shifts between

the two attend-inside conditions are expressed as the proportional distance of

the center of mass relative to the reference distance between the stimuli S1 and

S2 (Fig. 3a). Shift values were positive when the receptive field center lay closer

to the attended stimulus in the respective attentional conditions.

To quantify the statistical significance of the shift of the neuronal receptive

fields for individual cells, we applied a bootstrap method (details in

Supplementary Note).

The receptive field size was calculated as the square root of the area in which

the 2D receptive field surface exceeded the half-maximal response (after

subtracting the baseline responses—that is, responses in the same attentional

condition when S1 and S2 were present but no probe stimulus was shown). We

compared receptive field sizes when attention was directed to the stimulus

outside the receptive field versus when attention was directed to either of the

stimuli inside the receptive field, by using an attentional modulation index13:

(Sin – Sout)/(Sin + Sout), where Sin and Sout are the size of the receptive field

when attention was directed inside and outside, respectively. The size index

ranges between –1 and 1; negative values reflect a smaller receptive field size

when attention was directed inside the receptive field compared to outside the

receptive field (Fig. 3c). The average index value is a conservative estimate as it

corresponds to a geometric mean (that is, the mean is less influenced by large

values than a regular mean would be).

Note: Supplementary information is available on the Nature Neuroscience website.
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U. Grosshennig, D. Prüsse, K. Fahrner and R. Rode-Brockhausen for technical
assistance; and D. Heller-Schmerold and S. Stuber for administrative assistance. This
work was supported by the German Research Foundation (SFB 550 & GRK 289)
and the Bernstein Center for Computational Neuroscience, Göttingen (Federal
Ministry of Education and Research grant 01GQ0433).

AUTHOR CONTRIBUTIONS
T.W. and S.T. conceived the experiment and performed the data analysis. T.W.
and K.A.-E. performed the experiments. F.P. provided technical assistance and
helped during the experiment. T.W. and S.T. wrote the paper.

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Published online at http://www.nature.com/natureneuroscience

Reprints and permissions information is available online at http://npg.nature.com/

reprintsandpermissions/

1. Yeshurun, Y. & Carrasco, M. Attention improves or impairs visual performance by
enhancing spatial resolution. Nature 396, 72–75 (1998).

2. He, S., Cavanagh, P. & Intriligator, J. Attentional resolution and the locus of visual
awareness. Nature 383, 334–337 (1996).

3. Hawkins, H.L. et al. Visual attention modulates signal detectability. J. Exp. Psychol.
Hum. Percept. Perform. 16, 802–811 (1990).

NATURE NEUROSCIENCE VOLUME 9 [ NUMBER 9 [ SEPTEMBER 2006 1159

ART ICLES
©

20
06

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

en
eu

ro
sc

ie
nc

e



4. Carrasco, M., Williams, P.E. & Yeshurun, Y. Covert attention increases spatial resolution
with or without masks: support for signal enhancement. J. Vis. 2, 467–479 (2002).

5. Carrasco, M., Ling, S. & Read, S. Attention alters appearance. Nat. Neurosci. 7,
308–313 (2004).

6. Simons, D.J. & Rensink, R.A. Change blindness: past, present, and future. Trends Cogn.
Sci. 9, 16–20 (2005).

7. Treue, S. & Martinez Trujillo, J.C. Feature-based attention influences motion processing
gain in macaque visual cortex. Nature 399, 575–579 (1999).

8. McAdams, C.J. & Maunsell, J.H. Effects of attention on orientation-tuning functions of
single neurons in macaque cortical area V4. J. Neurosci. 19, 431–441 (1999).

9. Martinez-Trujillo, J.C. & Treue, S. Feature-based attention increases the selectivity of
population responses in primate visual cortex. Curr. Biol. 14, 744–751 (2004).

10. Reynolds, J.H. & Chelazzi, L. Attentional modulation of visual processing. Annu. Rev.
Neurosci. 27, 611–647 (2004).

11. Treue, S. Neural correlates of attention in primate visual cortex. Trends Neurosci.
24, 295–300 (2001).

12. Moran, J. & Desimone, R. Selective attention gates visual processing in the extrastriate
cortex. Science 229, 782–784 (1985).

13. Treue, S. & Maunsell, J.H. Effects of attention on the processing of motion in macaque
middle temporal and medial superior temporal visual cortical areas. J. Neurosci.
19, 7591–7602 (1999).

14. Reynolds, J.H., Chelazzi, L. & Desimone, R. Competitive mechanisms subserve atten-
tion in macaque areas V2 and V4. J. Neurosci. 19, 1736–1753 (1999).

15. Maunsell, J.H.R. & McAdams, C.J. Effects of attention on the responsiveness and
selectivity of individual neurons in visual cerebral cortex. in Visual Attention and Cortical
Circuits (eds. Braun, J., Koch, C. & Davis, J.L.) Ch. 6 103–120 (MIT Press, Cambridge,
Massachusetts, 2001).

16. Reynolds, J.H. & Desimone, R. The role of neural mechanisms of attention in solving the
binding problem. Neuron 24, 19–29 (1999).

17. Salinas, E. & Abbott, L.F. A model of multiplicative neural responses in parietal cortex.
Proc. Natl. Acad. Sci. USA 93, 11956–11961 (1996).

18. Itti, L. & Koch, C. Computational modelling of visual attention. Nat. Rev. Neurosci.
2, 194–203 (2001).

19. Everling, S., Tinsley, C., Gaffan, D. & Duncan, J. Filtering of neural signals by
focused attention in the monkey prefrontal cortex. Nat. Neurosci. 5, 671–676
(2002).

20. Intriligator, J. & Cavanagh, P. The spatial resolution of visual attention. Cognit. Psychol.
43, 171–216 (2001).

21. Connor, C.E., Preddie, D.C., Gallant, J.L. & Van Essen, D.C. Spatial attention effects in
macaque area V4. J. Neurosci. 17, 3201–3214 (1997).

22. Suzuki, S. & Cavanagh, P. Focussed attention distorts visual space: an attentional
repulsion effect. J. Exp. Psychol. Hum. Percept. Perform. 23, 443–463 (1997).

23. LaBerge, D., Carlson, R.L., Williams, J.K. & Bunney, B.G. Shifting attention in visual
space: tests of moving-spotlight models versus an activity-distribution model. J. Exp.
Psychol. Hum. Percept. Perform. 23, 1380–1392 (1997).

24. Müsseler, J., Stork, S. & Kerzel, D. Comparing mislocalizations with moving stimuli.
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The supplementary material provides additional information about three results:

• We address the possibility that the attentional shift effects observed were caused by

changes in eye position.

• We provide information about the bootstrap method used to estimate the statistical

reliability of the receptive field centre shift in individual neurons.

• We illustrate that the moderate shrinkage of receptive fields in conditions with

attention inside versus outside the receptive field is isotropic, i.e. it is not biased with

regard to the direction of attention.

The receptive field shift cannot be explained by changes of the eye position within

the fixation window

Receptive fields in area MT are retinotopic, i.e. they move across the visual field with

changes in eye position. It is therefore conceivable that the shifts in receptive field centres we

have observed are due to systematic differences in eye positions between the attentional

conditions. Such a shift would only be able to provide a small contribution to the changes we

have observed since the average shift of receptive field centres was 3.0° (see main text, Fig.

3), much larger than the diameter of the fixation window (1.5°) that the monkey had to stay

within throughout all trials. Nevertheless, we computed the difference of the average eye

position in conditions with attention to either stimulus S1 or stimulus S2 in the direction from

S1 to S2, i.e. the axis along which attention was shifted between conditions. This analysis

revealed a very small difference in average eye position of only 0.018° (± 0.0065° SE)

between the conditions. We also calculated the average eye position difference between the
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attend-inside conditions and the attend-outside condition along the axis of the respective

stimuli (i.e. along the axis from S1-to-S3 or from S2-to-S3). Similar to the previous analysis

we found a very small difference of eye positions of only 0.009° (± 0.004° SE) in the

direction of the attended stimulus. Supplementary Figure 2 illustrates the distribution of gaze

positions for three representative example cells in conditions with attention to either stimulus

S1 (upper panels), or to S2 (lower panels) inside the receptive field. The centre of the

coordinate system is the fixation point and the relative direction of the attended (non-

attended) stimulus is indicated by the square (circle) plotted on the axes border. For these

examples, the average difference of gaze positions along the S1-to-S2 axis ranged from

–0.036° to 0.054°. The receptive field shifts of these conditions were 1.8° to 4.2° in the

direction of the attended stimulus, many times larger than the differences in average gaze

position. These results demonstrate that the contribution of eye position artefacts to the

estimated receptive field shifts was marginal at best.

Calculation of the statistical significance of the receptive field shift in individual cells

To quantify the statistical significance of the shift of the neuronal receptive fields for

individual cells we applied a bootstrap method. To this end we computed the variability of the

receptive field profile by simulating our experiment 1000 times. On each repetition we

simulated the response for each probe position by drawing (with replacement) and averaging

across as many individual responses as were collected in the actual experiment from the

original distribution of responses. To compare the receptive field centers for the two attention

conditions (attend S1 versus attend S2) statistically we determined the 95 % range of

receptive field centers for each condition (by determining the 2.5 % leftmost and 2.5 %

rightmost center position from the 1000 simulations). When the 95 % distributions of both

conditions did not overlap the difference in receptive field center positions were considered

statistically significant. This procedure corresponds to a two-tailed randomization test with a

significance level of P = 0.05.

Spatial isotropy of changes in receptive field size with attention inside the receptive

field

We found only moderate receptive field shrinkage with attention to a stimulus inside

compared to attention outside the receptive field (see Fig. 3c). On average receptive fields

were 4.3 % smaller when attention was directed inside the receptive field with a 95%

confidence range of ± 3.4 %. To determine whether this change in receptive field size was
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different in the direction of the attention shift (see Fig. 3a and Fig. 4) we computed the

maximum extent of the receptive field parallel and orthogonal to the axis of the attentional

shift, i.e. the axis from stimulus S3 outside the receptive field (the attended stimulus in the

outside condition) toward stimulus S1 / S2 in conditions with attention inside the receptive

field. This analysis showed no spatial bias of receptive field size changes parallel and

orthogonal to the direction of the attentional shift (paired t-test, P = 0.444, t = 0.77). The

distribution of receptive field size changes parallel to the attentional shift (along the x-axis)

and orthogonal to the axis of the attentional shift (along the y-axis) are shown in

Supplementary Figure 3.









Functional Organization of Human Intraparietal and Frontal
Cortex for Attending, Looking, and Pointing
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We studied the functional organization of human posterior parietal and frontal cortex using functional magnetic resonance imaging
(fMRI) to map preparatory signals for attending, looking, and pointing to a peripheral visual location. The human frontal eye field and
two separate regions in the intraparietal sulcus were similarly recruited in all conditions, suggesting an attentional role that generalizes
across response effectors. However, the preparation of a pointing movement selectively activated a different group of regions, suggesting
a stronger role in motor planning. These regions were lateralized to the left hemisphere, activated by preparation of movements of either
hand, and included the inferior and superior parietal lobule, precuneus, and posterior superior temporal sulcus, plus the dorsal premotor
and anterior cingulate cortex anteriorly. Surface-based registration of macaque cortical areas onto the map of fMRI responses suggests a
relatively good spatial correspondence between human and macaque parietal areas. In contrast, large interspecies differences were noted
in the topography of frontal areas.
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Introduction
The functional organization of human posterior parietal cortex
(PPC) and its relationship to the PPC in the macaque monkey are
primarily unknown. The parietal lobe, as defined by conventional
geographic landmarks, occupies approximately one-fifth of the
total neocortex in both humans and monkeys (Van Essen and
Drury, 1997). However, there is indirect evidence that the PPC in
humans is preferentially expanded compared with monkeys,
given that neighboring occipital visual areas [visual area 1 (V1),
V2, and middle temporal (MT)] in the two species have different
geographic locations; V1 and V2 extend more laterally, and MT is
positioned more dorsally in macaques compared with humans
(Van Essen et al., 2001). This difference may be related to a rela-
tive expansion of the human inferior parietal lobule and to devel-
opment of new cortical fields (e.g., Brodmann 39, 40) (Brod-
mann, 1905; Eidelberg and Galaburda, 1984). Alternatively,
human and macaque PPC may share a similar architectural plan,
but human areas may be relatively enlarged (Van Essen et al.,
2001). The first hypothesis predicts a relative shift in the topo-
graphical position of homologous areas to accommodate the
presence of new areas in humans; the second hypothesis predicts
a good spatial registration of homologous areas in the two spe-
cies. Similar hypotheses can be explored for the frontal cortex
(FC), which is substantially expanded in humans (�36% of neo-
cortex) compared with macaques (�25% of neocortex) (Brod-

mann, 1905; Walker, 1940; Van Essen and Drury, 1997; Petrides
and Pandya, 1999; Van Essen, 2003).

In an initial exploration of these hypotheses, we first studied
the distribution of preparatory signals in human PPC and FC for
“attention,” rapid eye movements (“saccades”), and arm move-
ments (“pointing”) using functional magnetic resonance imag-
ing (fMRI). Then, we compared the human functional maps with
a map of architectonic areas in the macaque brain that was de-
formed to the human cortex using computerized registration of
the cortical surfaces between the two species.

We focused on preparatory signals because different regions
in monkey PPC and FC code for the planning of different types of
movements and for shifts of attention. The lateral intraparietal
area (LIP), located on the lateral bank of the intraparietal sulcus
(IPS), is relatively more active when a monkey prepares to look at
a target rather than reach toward it (Snyder et al., 1997). Con-
versely, a parietal reach region (PRR), located more posteriorly
and medially along the IPS, is more active during the preparation
of a reach movement than an eye movement (Snyder et al., 1997).
Signals that are related to the allocation of spatial attention have
been reported both in eye-related (e.g., LIP) and arm-related
(e.g., PRR) areas, often on the same neurons that show effector-
specific modulations (Colby and Goldberg, 1999; Calton et al.,
2002; Bisley and Goldberg, 2003). Similar distinctions have been
proposed in the monkey frontal lobe. The frontal eye field (FEF)
is involved in the preparation and execution of voluntary and
visually guided saccadic eye movements (Bizzi, 1968; Bruce et al.,
1985), whereas the dorsal premotor area is involved in planning
visually guided reaching movements (Passingham, 1996; Kalaska
et al., 1997; Wise et al., 1997). Attention-related modulations
have been reported both in the FEF (Bruce et al., 1985; Thompson
et al., 1997) and in the dorsal premotor cortex (Di Pellegrino and
Wise, 1993). This functional specialization is supported by recip-
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rocal connections that link frontoparietal areas with similar func-
tional properties (Cavada and Goldman-Rakic, 1989; Wise et al.,
1997; Lewis and Van Essen, 2000; Marconi et al., 2001).

On the basis of these functional distinctions, we hypothesized
that human PPC regions, homologous to LIP and PRR areas in
macaque, will be selectively recruited during the preparation of
saccadic eye movements or pointing hand movements, respec-
tively. Moreover, a similar distinction will be observed in the FEF
(for eye movements) and dorsal premotor (for pointing) in fron-
tal cortex. Finally, regions involved in covertly directing attention
to a peripheral location will overlap with regions involved in
saccadic and pointing preparation, because spatial information is
used by both eye- and arm-selection systems to plan a response.

Materials and Methods
Subjects. Fifteen subjects were recruited from the Washington University
(St. Louis, MO) community for experiment 1. Eleven subjects partici-
pated in experiment 2. Informed consent was obtained in accordance
with procedures approved by the local human studies committee. All
subjects were strongly right-handed as measured by the Edinburgh
Handedness Inventory and had normal or corrected-to-normal vision
and normal neurological history.

Apparatus. Stimuli were generated with an Apple G4 Macintosh com-
puter (Apple Computers, Cupertino, CA) using PsyScope 1.2.5 PPC soft-
ware (Carnegie Mellon University, Pittsburgh, PA). In the magnetic res-
onance (MR) scanner, stimuli were projected using an Epson PowerLite
703c liquid crystal display projector (Epson America, Long Beach, CA)
onto a small Plexiglas screen that was positioned within reaching distance
in front of the subject and viewed through a periscope mirror attached to
the head coil. The periscopic mirror did not introduce any distortion or
scaling of the visual field. Eye position was monitored with an ASL 504
(Applied Science Laboratories, Bedford, MA) eye-tracker during both
behavioral and fMRI sessions. During the behavioral session, surface
electromyographic (EMG) activity was recorded from surface electrodes
positioned on the right arm deltoid muscle using a BIOPAC MP100
system (BIOPAC Systems, Santa Barbara, CA).

Task and procedures. A fixation cross-hair was displayed inside a gray
diamond (size, 1.6°) on a black background at all times. A change in the
color of the fixation point from red to green indicated the start of a trial.
Simultaneously, one side of the diamond was brightened for 100 msec
indicating either a left or a right location (cue stimulus). After a random
delay (4.76 –5.86 sec after the offset of the cue in experiment 1; 2.6 –3.7
sec after the offset of the cue in experiment 2), a white asterisk (target)
was flashed for 100 msec at 7.3° to the left or right of fixation. The asterisk
had to be detected in the attention, saccade, and pointing task (see be-
low). The target occurred at the cued location on 73% of the trials (75%
in experiment 2) (valid trial), and at the opposite location on 27% (25%
in experiment 2) of the trials (invalid trial). In the attention condition, a
random digit (1–9) was occasionally presented (not presented, presented
once, or presented twice in a block of trials) instead of the asterisk (see
below). After another interval (0.435–1.535 sec) that yielded a fixed trial
(cue plus test) duration of 6.5 sec (4.33 sec in experiment 2), the fixation
point changed color from green to red to indicate the end of the trial.
Trials were separated by a random intertrial interval (ITI) of 2.16 – 6.49
sec, in which the fixation point remained red. For 21% (20% in experi-
ment 2) of the trials, only the cue stimulus was presented, followed by a
fixed interval of 4.23 sec (2.07 sec in experiment 2) before the start of the
ITI. The presentation of cue-only trials was necessary to separate cue and
target fMRI responses within a trial (Shulman et al., 1999; Ollinger et al.,
2001a,b).

In experiment 1, subjects were studied in separate behavioral and
fMRI sessions. Three different tasks were performed. In the pointing
task, subjects used the cue to prepare a pointing movement with their
right index finger toward the indicated location and maintained this set
during the ensuing delay without moving the hand. In the scanner, the
right hand was positioned in the middle of the abdomen in a relaxed
posture with the index finger extended and all other fingers flexed. The
right shoulder and arm were supported and immobilized with Velcro

straps attached to the scanner bed. When the target was flashed, subjects
pointed as quickly as possible in the direction of the target location (with-
out touching the screen) and then returned to the starting position.
Pointing involved rotation of the wrist without movements of the shoul-
der or the arm. In the behavioral session, subjects sat in front of a com-
puter screen. They rested their index finger on a response key during the
cue period and pointed in the direction of the target location without
touching the screen. Key-press reaction times (RTs) were measured for
valid and invalid trials. In the saccade task, the cue was used to prepare a
saccadic eye movement to the left or right. After the target was flashed,
subjects looked at its location and then quickly looked back at the fixation
point. In the attention task, subjects covertly shifted and maintained
attention to the cued location and returned attention to the center after
the presentation of the target. In the fMRI session, subjects reported how
many times (not at all, once, or twice) a random digit was presented in
the course of a block of trials. This secondary task ensured that subjects
attended to the peripheral target on each trial. Mean accuracy was 97%
correct. In the behavioral session, key-press RTs were measured for valid
and invalid trials. Both EMG activity from the right deltoid muscle and
eye movement position were recorded in all conditions. In the behavioral
session, subjects completed two blocks of 40 trials each for each condi-
tion. In each fMRI session, a subject performed 140 trials per condition,
and the group statistical analysis was based on a total of 2100 trials per
condition (140 trials � 15 subjects). Single subject analyses involved two
scanning sessions (280 trials per condition).

In experiment 2, only the pointing task was run. In different blocks/
scans, subjects used either the left or the right hand. Vision of the hand
was occluded by a modification to the periscopic mirror, and an infrared
video camera was used to monitor the position of the hand and confirm
that no movement had occurred during the cue period. Each subject
performed 210 trials per condition, and the group analysis was based on
2310 trials per condition (210 trials � 11 subjects).

fMRI scan acquisition and data analysis. A Siemens whole-body 1.5 T
Vision MRI scanner (Siemens AG, Munich, Germany) and asymmetric
spin-echo, echoplanar sequence were used to measure blood oxygen-
ation level-dependent (BOLD) contrast over the entire brain [repetition
time (TR), 2.165 sec; echo time (TE), 37 msec; flip angle, 90°; 16 contig-
uous 8 mm axial slices, 3.75 � 3.75 mm in-plane resolution]. Anatomical
images were acquired using a sagittal magnetization-prepared rapid ac-
quisition gradient echo (MP-RAGE) sequence (TR, 97 msec; TE, 4 msec;
flip angle, 12°; inversion time, 300 msec). Functional data were realigned
within and across scanning runs to correct for head motion using an eight
parameter (rigid body plus in-plane stretch) crossmodal registration
similar to the method described by Andersson et al. (1995). A whole-
brain normalization factor was applied to each scan to correct for
changes in signal intensity between scans. Differences in the time of
acquisition of each slice within a frame were compensated by sinc inter-
polation. For each subject, an atlas transformation (Talairach and Tour-
noux, 1988) was computed on the basis of an average of the first frame of
each functional run and MP-RAGE structural images to the atlas repre-
sentative target using a 12 parameter general affine transformation.
Functional data were interpolated to 2 mm cubic voxels in atlas space.
The atlas representative MP-RAGE target brain (711–2B) was produced
by mutual coregistration (12 parameter affine transformations) of im-
ages obtained in 12 normal subjects (Snyder, 1995). The BOLD signal in
each subject was analyzed with a “within-trial” linear regression model
that estimated separate time courses during the cue and test periods for
each trial type, without assuming a shape for the hemodynamic response
(Ollinger et al., 2001a). The model included terms on each scanning run
for an intercept, linear trend, and temporal high-pass filter with a cutoff
frequency of 0.009 Hz. Time courses from the within-trial model were
put into atlas space using the atlas transformation. Group analyses
were conducted using voxel-wise random-effect ANOVAs. Subjects were
treated as a random effect so that all results generalized across the pop-
ulation. Correlations across time points were corrected by adjusting the
degrees of freedom (Ollinger and McAvoy, 2000). Statistical images were
corrected for multiple comparisons over the entire brain ( p � 0.05),
using a magnitude threshold derived from Monte-Carlo simulations that
takes into account the number of contiguous activated voxels (Forman et

4690 • J. Neurosci., June 1, 2003 • 23(11):4689 – 4699 Astafiev et al. • Functional Organization of Human Intraparietal and Frontal Cortex



al., 1995). Coordinates of each cluster of activation were identified by an
automated algorithm that searched for local maxima and minima (Min-
tun et al., 1989). Individual subject analyses were based on a cross-
correlation of the estimated BOLD response in each voxel with an as-
sumed hemodynamic response function, calculated by convolving a
delayed gamma function (Boynton et al., 1996) with a rectangular func-
tion of the event duration (e.g., cue period duration, 4.32 sec). In ex-
periment 1, within-subject ANOVAs were run during the cue period
with MR frame (1– 8), task (pointing, saccade, and attention), and cue
direction (left and right) as factors. During the target period, separate
ANOVAs were run with MR frame (1– 8), task (pointing, saccade, and
attention), target visual field (left and right), and target validity (valid and
invalid) as factors. In experiment 2, the factor task included only two
levels (left hand, right hand).

Visualization of fMRI data and surface-based registration of macaque
and human atlases. To facilitate visualization of results and the compar-
ison across species, the group-averaged functional data were mapped to
the Human Colin surface-based atlas (Van Essen et al., 2002; Van Essen,
2003). This atlas includes a high-resolution structural MRI volume of an
individual brain (Holmes et al., 1998) that was registered using the
method of Snyder (1995) to the representative MP-RAGE target brain
(711–2B) used for the atlas transformation (see above). A surface recon-
struction of the left and right hemisphere of the Human Colin brain was
generated using the SureFit segmentation method (Van Essen et al.,
2001). Functional data were mapped onto the Human Colin atlas brain
(three-dimensional and surface) by assigning each surface node the
z-score value associated with the voxel in which it resides.

The pattern of cortical convolutions in the Colin atlas brain lies well
within the range of normal variability according to the following criteria.
(1) The pattern of major sulci in the Colin left and right hemispheres is
within the range that occurs commonly in the atlas of 25 brains described
by Ono et al. (1990). (2) After atlas registration, the Colin left and right
hemispheres were compared with the atlas average brain that we use as
the target for the Talairach transformation (711–2B). There was good
correspondence in the location of major sulci (including the calcarine,
postcentral, central, superior frontal, and superior temporal sulci plus
the Sylvian fissure) in the Colin brain and the corresponding (although
fuzzier) sulci in the average atlas brain. As an example, the average loca-
tion of the intersection of the left superior frontal sulcus and precentral
sulcus was �25, �13, 52 (x, y, z) in Colin and �25, �13, 52 in 711–2B;
the midpoint of the right postcentral sulcus was 41, �31, 46 in Colin and
47, �31, 46 in 711–2B; the midpoint of the left central sulcus was �35,
�33, 56 in Colin and �33, �29, 56 in 711–2B. (3) The Colin left and
right hemispheres were also compared with the average brain obtained
by averaging the individual brains of the subjects participating in this
experiment after atlas transformation (to the target 711–2B). Once again,
we found good correspondence in the location of major sulci (central,
postcentral, superior frontal, precentral, and intraparietal) and in the
location of functional regions in relation to anatomical landmarks.

Surface-based registration of the macaque and human cortex was
achieved by first drawing landmarks on cortical flat maps of each hemi-
sphere of the macaque and human surface-based atlases (Van Essen,
2002, 2003) (available at http://brainmap.wustl.edu/caret/). These land-
marks, chosen to reflect likely homologous domains, include the fundus
of the central sulcus (near the boundary between somatosensory and
motor cortex), the fundus of the Sylvian fissure (near the boundary be-
tween somatosensory and auditory cortex), the frontal pole, the bound-
aries of V1, V2, and MT� as described by Van Essen and colleagues (Van
Essen et al., 2001; Van Essen, 2003), and the boundaries of neocortex
along the medial wall. To avoid confounds associated with artificial cuts
on the flat maps, the landmarks were first projected to macaque and
human spherical maps, the registration was applied to the spherical
maps, and the deformed visual areas were then projected onto the in-
flated hemisphere used in the illustrations (available at http://brainmap.
wustl.edu/caret/). The macaque map (before and after deformation) in-
cludes the Lewis and Van Essen (2000) partitioning scheme.

Results
In a behavioral session, we measured the efficacy of the central
cue in speeding the response to a target at the attended location.
Reaction times were faster to valid targets than invalid targets,
both during pointing (388 vs 423 msec; t(14) � �4.28; p � 0.001)
and attention (301 vs 332 msec; t(14) � �4.86; p � 0.0001).
Central fixation measured with an infrared eye tracker was simi-
lar during the cue period in all three conditions and during the
target period in attention and pointing tasks. There was no dif-
ferential EMG activity from the arm across tasks during the cue
period or in the saccade and attention tasks during the target
period.

We monitored eye position in the fMRI session. The results
from the analyses of all 15 subjects were confirmed in subanalyses
on the 11 subjects with acceptable eye movement records that
included only trials in which accurate fixation (�1.5°) was
maintained.

We first considered the relationship between attention and
saccade conditions during the cue period. Figure 1, A and B,
shows statistical maps of the group fMRI signal during the cue
period for the attention and saccade tasks, respectively, displayed
on an inflated surface of the left hemisphere of an atlas brain
(Van Essen et al., 2001) (Table 1S, supplemental material, avail-
able at www.jneurosci.org). In both tasks, cue-related signals
were observed bilaterally in the occipital cortex, in the PPC along
the horizontal segment of the IPS [anterior IPS (aIPS) and pos-
terior IPS (pIPS)], and in the frontal cortex at the junction of the
precentral and superior frontal sulcus [putative human FEF
(hFEF)]. The BOLD response in the occipital cortex was tran-
sient, reflecting a sensory response to the cue (data not shown);
conversely, the response in the IPS and FEF was sustained in both
tasks throughout the delay period (Fig. 1A,B) (time courses sac-
cade vs attention). In previous work, we have shown that sus-
tained responses in the IPS and FEF correlate with encoding and
maintenance of a spatial cue (Corbetta et al., 2000). An interac-
tion map of the two tasks (Fig. 1D, Table 1S) revealed only a small
region in the left anterior precuneus (aPCu) (x, y, z � �3, �51,
58) that was more strongly active during attention than eye
movement preparation. This region is close to one reported ex-
clusively for shifting attention (x, y, z � �4, �52, 52) (Simon et
al., 2002). Hence, PPC and frontal response were primarily sim-
ilar during attention and saccade tasks.

Next, we considered whether preparing a pointing response
involved a distinct functional network. Figure 1C shows areas of
activation during pointing preparation. Intraparietal (aIPS,
pIPS) regions that were active during attention and eye move-
ment preparation were also recruited during pointing prepara-
tion. These responses were generally larger during pointing than
attention (nonsignificantly, Table 1S) and saccade (significantly,
Table 1S) tasks. Surprisingly, we also observed preparatory re-
sponses during pointing in the FEF, an area traditionally associ-
ated with oculomotor preparation (see maps and time courses in
Fig. 1A–C; Table 1S). Finally, a larger extent of PPC and frontal
cortex were recruited exclusively during pointing preparation
(Fig. 1C,E, Table 1S). The interaction map between the pointing
and saccade tasks (Fig. 1E and time courses) shows stronger sig-
nals for pointing preparation in a region on the lip of the inferior
parietal lobule (IPL/aIPS), a cluster in the superior parietal lobule
(SPL) extending medially into the precuneus (PCu) and poste-
rior cingulate, regions within the angular gyrus (AG) and supra-
marginal gyrus (SMG) and the middle segment of the superior

Astafiev et al. • Functional Organization of Human Intraparietal and Frontal Cortex J. Neurosci., June 1, 2003 • 23(11):4689 – 4699 • 4691



temporal sulcus (STS-mid), and in frontal cortex the dorsal pre-
central gyrus and the anterior cingulate. All of these regions were
located in the left hemisphere contralateral to the responding
hand. Finally, we compared pointing versus attention and found
a pattern similar to that observed for pointing versus saccade

(Table 1S), except in the SPL and precuneus, in which the re-
sponse for covertly directing attention was similar to the one for
pointing preparation. Analogous results were obtained when we
directly compared the three conditions (attention, saccade,
pointing) in a three-way analysis (data not shown).

Figure 1. BOLD responses on inflated surface of the left hemisphere of the Colin brain (Van Essen et al., 2001). The Front plane indicates the dorsolateral view of left hemisphere; the back plane gives the
medial view. Color scale indicates z-scores. Cue period is as follows: A, Group-average ANOVA F-map, transformed to z-map and multiple-comparison corrected (F( z)mc) during covert attention. B, Preparation
of saccadic eye movement. C, Preparation of pointing movement with right hand. Graphics indicate group-average BOLD time courses averaged over cue direction during attention (blue), saccade (green), and
pointing (red). The y-axis indicates the percentage BOLD signal change, whereas the x-axis indicates time (in seconds). D, Differential activation during attention versus saccade preparation. E, Differential
activation during saccade versus pointing preparation. Target period is as follows: F, Group-average BOLD time courses, averaged over cue and target direction, extracted over the entire trial (the black arrow
shows the time of cue onset, and the black arrow with mark shows the time of target onset, indicating the temporal window of stimulus presentation) in FEF, aIPS, PCu, and IPL/aIPS. G, Group-average F( z)mc
map during attention plus target detection. H, Saccade plus target detection. I, Pointing plus target detection. L, Left; Calc.S, calcarine sulcus. The asterisk indicates that there were no active voxels in the left FEF
after multiple-comparison correction. The FEF response during the attention task can be seen in Figure 3B. Data sets are available at http://pulvinar.wustl.edu:8081/sums/archivelist.do?archive_id�315115.
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The preparatory regions defined from the cue period also re-
sponded during the target period to the detection of the target
and its localization by eye or hand movements (Fig. 1G–I). Figure
1F shows the BOLD signal time course over an entire trial in four
regions that showed preparatory signals during the cue period.
The first peak is the response to the cue (Fig. 1F, black arrow, time
axis), the sustained part of the response corresponds to the delay
period, and the second peak corresponds to the detection/local-
ization of the target (black arrow with mark). Anterior IPS and
FEF regions, commonly active for attention and eye movement
preparation, were more strongly active during the target period
when subjects looked at the target location (saccade) than when
they covertly detected the target (attention) (left FEF, �29, �11,
50, p � 0.0001; left aIPS, �31, �51, 46, p � 0.0008) (Fig. 1F, blue
and green lines). The FEF showed a stronger response during the
execution of a pointing movement than a saccade (left FEF, p �
0.0001; right FEF, p � 0.0008). Some regions that were specifi-
cally recruited during pointing preparation remained more
strongly active during pointing than saccadic eye movements in
the target period (Fig. 1F) (left IPL/aIPS, p � 0.0001; left SMG,
p � 0.0001). However, other regions did not show a differential
response (Fig. 1F, left PCu, AG, STS-mid).

To localize the anatomical position of functional regions in
the PPC and FC more precisely during saccadic and pointing
preparation, we analyzed individual data in three subjects who
were tested in a second session to double the number of trials.
Figure 2 shows selected slices through the PPC and dorsal FC in a
representative subject. As in the group analysis, the location of
the FEF fell at the intersection of the superior frontal and precen-
tral sulcus; its response was similar for the preparation of sac-
cades and hand pointing (Fig. 2, FEF time course). The PPC
response was within the posterior IPS and was not significantly
different for saccades and pointing (Fig. 2, pIPS time course).

However, a region in the superior parietal
lobule-precuneus was uniquely active dur-
ing pointing (Fig. 2, PrCu time course).
Other regions that were significantly more
active during pointing preparation were
the angular gyrus, left supramarginal gy-
rus, left dorsal precentral gyrus, and supe-
rior temporal sulcus. Importantly, these
responses were all in the left hemisphere
contralateral to the responding right hand
in contrast to the bilateral FEF/IPS
activation.

A critical question is whether left hemi-
sphere regions that were recruited during
the preparation of right-hand pointing
movements are involved in the prepara-
tion of contralateral responses, or whether
they are involved in preparing movements
with either hand. Damage to the left pari-
etal and frontal lobe in humans is known
to cause bilateral deficits in planning com-
plex hand or limb movements (apraxia)
(Geschwind, 1975). To answer this ques-
tion, 11 additional subjects prepared and
executed pointing movements to visual
targets with either the left or the right hand
in different scans. None of the arm-
specific preparatory regions in experiment
1 were affected by switching the hand used
to respond. A voxel-wise ANOVA indi-

cated that only a left IPL/aIPS focus showed a significantly stron-
ger response for left-hand (ipsilateral) pointing preparation (x, y,
z � �25, �51, 38; p � 0.0001). During the target period, only
two of the preparatory regions from experiment 1 (left dorsal
precentral gyrus, p � 0.0049; left SMG, p � 0.018) showed a
significantly stronger response for right- versus left-hand point-
ing. In contrast, activations of the primary sensory-motor cortex
and anterior cerebellum were contralateral and ipsilateral, re-
spectively, to the hand used to point. These findings indicate that
the response of these left-lateralized frontal and parietal regions is
independent of the arm used to respond both during movement
planning and during movement execution.

To compare these patterns of activation with the arrangement
of cortical visual areas in the macaque, we registered the left
hemisphere of a macaque atlas brain onto the left hemisphere of
a human atlas brain, using a landmark-based surface matching
method of Van Essen et al. (2001). This procedure allowed us to
compare the parietal and frontal regions showing preparatory
responses with an architectonic partitioning scheme of anatom-
ical areas in monkey PPC developed by Lewis and Van Essen
(2000). The interpretation of any set of results strongly depends
on the assumptions used to register the human and macaque
cortical surfaces. In this study, none of the landmarks used in the
deformation were near the IPS or FEF, and none of the fMRI
responses were used to constrain the deformation. This particu-
lar choice of landmarks yields a sensible registration of human
and macaque extrastriate visual areas in the ventral occipital and
temporal cortex (Van Essen, 2003).

Figure 3A shows the anatomical areas in the macaque, and
Figure 3B shows the same macaque areas warped onto a corre-
sponding view of the human left hemisphere. The intraparietal
complex, including the LIP and ventral visual intraparietal area
(VIP), is shown in yellow. The FEF (area 8) is red.

Figure 2. Selected transverse brain slices (Z � 48) during cue and target periods for pointing and saccade tasks in a represen-
tative subject. T-maps were transformed to z-maps. BOLD time courses, averaged over cue direction, were extracted from the left
FEF, PCu, and pIPS.
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Figure 3D shows that preparatory activity for saccadic eye
movements is distributed in an elongated crescent that falls
within the deformed intraparietal visual complex (LIP, VIP) and
maps within deformed area VIP on the medial bank of the IPS. In
the macaque, preparatory activity for saccades is typically found
on the lateral bank of the IPS within the LIP (Gnadt and
Andersen, 1988; Snyder et al., 1997; Colby and Goldberg, 1999).
The vector distance between the fMRI response for saccadic prep-
aration and the center of the deformed LIP is �7 mm (Table 1).
In the frontal lobe, the human FEF response for saccade prepa-
ration falls within deformed macaque area 4; this human re-
sponse is displaced �4 cm posterior to the location of the de-
formed macaque FEF (mFEF) in the area 8 complex (Table 1).

Figure 3C shows that covert attention activated a similar patch

of cortex in the intraparietal complex (deformed areas VIP/LIP),
a more dorsal and medial cluster in the SPL within the deformed
medial intraparietal area (MIP) and the human FEF. Finally,
pointing preparation (Fig. 3E) activated the intraparietal com-
plex in a more widespread manner, with responses localized both
on the medial and on the lateral side of the IPS, extending onto
the lip of the supramarginal gyrus. Pointing also activated a more
dorsal and medial swath in the SPL (Fig. 3E) that extended across
deformed areas medial dorsal parietal area (MDP), MIP, parietal-
occipital (PO), 5D, and 31 [anterior to deformed area V6A of
Galetti et al. (1999)] (Fig. 1, supplemental material, available at
www.jneurosci.org). In the frontal cortex, pointing preparation
recruited the human FEF and dorsal precentral gyrus that corre-
sponds to the human dorsal premotor area (Colebatch et al.,
1991; Grafton et al., 1996; Connolly et al., 2000; Thoenissen et al.,
2002). The dorsal precentral gyrus response maps in deformed
area 4 and is displaced �3 cm posterior from the deformed ma-
caque dorsal premotor areas in area 6 (Table 1).

A convenient way to visualize regions of convergent or diver-
gent activation is to project preparatory BOLD responses for all
three conditions on the same atlas brain. Figure 4A shows a dor-
sal view of the inflated surface of the left hemisphere of an atlas
brain (Van Essen, 2002) on which group average preparatory
signals for attention (blue), saccadic (green), and pointing (red)
movements were projected. Regions of convergence between two
conditions are indicated by intermediate colors (yellow, pointing
and saccades; magenta, pointing and attention; light blue, atten-
tion and saccades); regions of convergence among three condi-
tions are shown in white. The borders of the deformed macaque
visual intraparietal complex (LIP/VIP) and the FEF area 8 com-
plex are shown in black. Figure 4B shows the flat map of the same
left hemisphere.

We found two regions of convergence among all three condi-
tions in the IPS (anterior and posterior) within the deformed
visual intraparietal complex and one in the FEF at the intersection

Figure 3. A, Macaque brain with anatomical areas (Lewis and Van Essen, 2000). B, Deformation and mapping of macaque areas onto a human atlas brain (left hemispheres, dorsal views) using
surface-based registration. Red indicates the FEF (area 8), purple indicates motor areas (area 4), green indicates somatosensory areas (AIP, areas 5D and 3A), and yellow indicates visual parietal areas
(LIP, VIP); the lines in each area define the LIP (dorsal and ventral) within the lateral intraparietal complex and VIP subdivisions (medial and lateral) within the ventral intraparietal area. Brown
indicates other parietal areas (area 7A, PO), dark red indicates the MT, and blue indicates V4. C, Group-average ANOVA F( z) map, averaged over cue direction for attention. Black borders indicate
deformed macaque visual areas painted in Figure 4 A. D, F( z) map during saccade preparation. E, F( z) map during pointing preparation. Labels in italic indicate the anatomical landmarks.
Abbreviations include anatomical locations in the human brain and a deformed area in the monkey (in parentheses): sfs, Superior frontal sulcus; cs, central sulcus; PrCeG, precentral gyrus; PMd,
premotor dorsal. Data sets are available at http://pulvinar.wustl.edu:8081/sums/archivelist.do?archive_id � 315115.

Table 1. Displacement in vector distance

	VD � �	x1 � x2)2 � (y1 � y2)2 � (z1�z2)2)

between the PPC and frontal fMRI responses and monkey areas

X Y Z VD

Parietal-occipital cortex
aIPS �31 �49 51
pIPS �30 �61 49
aLIP �36 �54 50
pLIP �32 �58 39
aIPS-aLIP 5 5 1 7.1
pIPS-pLIP 2 3 10 10.6

Frontal cortex
mFEF �27 30 37
hFEF �27 �9 49
mFEF– hFEF 0 39 12 40.8
PrCeG �40 �9 52
6 dorso-caudal �20 8 66
6 dorso-rostral �16 20 51
PrCeG-6DC 20 17 14 29.7
PrCeG-6DR 24 29 1 37.7
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of the precentral and superior frontal sulcus. The SPL (deformed
area MIP) was active for both attention and pointing (Fig. 4A,B)

Figure 4C shows that the regions of common activation are
adjacent to cortical regions active in a separate group of subjects
in experiments that isolate preparatory signals for direction of
motion (Shulman et al., 2002) (Fig. 4C, blue). The retinotopically
organized parietal area reported by Sereno et al. (2001) is cen-

tered nearby in the deformed VIP. The re-
cent IPS region recruited during the prep-
aration of prosaccades and antisaccades
also plots within the deformed VIP (Con-
nolly et al., 2002). A putative human ho-
molog of VIP lies more anterior in corre-
spondence of the anterior intraparietal
(AIP) region (Fig. 4D) (Bremmer et al.,
2001).

Figure 4D compares the regions specif-
ically recruited during pointing prepara-
tion with a nearby region at the intersec-
tion of the anterior IPS and postcentral
sulcus (yellow; average coordinate x, y, z,
�40, �40, 41) that is active during tasks
that require grasping, manipulation, vi-
sion, or imagination of three-dimensional
objects, visual and/or haptic (for review,
see Binkofski et al., 1999; Grefkes et al.,
2002). Lesions involving this more ante-
rior region produce relatively greater defi-
cits for grasping than reaching (Binkofski
et al., 1998). This region has been pro-
posed to be the human homolog of the AIP
area identified in macaque by Sakata et al.
(1995); deformed macaque AIP indeed
maps anterior to the LIP/VIP complex.

Discussion
Our fMRI results suggest, contrary to our
original hypotheses, that human PPC and
FC contain several regions that code pre-
paratory signals for spatial location inde-
pendently of the effector used for the re-
sponse (eye, arm). However, we also found
regions for which activity was more closely
related to the planning of pointing hand
movements. For the particular landmarks
chosen in this study, we found a higher
spatial correspondence in the PPC be-
tween human fMRI responses and de-
formed anatomical areas in the macaque
than in the frontal lobe, where large devi-
ations were observed in the position of pu-
tatively homologous areas.

Effector-independent preparatory
spatial responses in IPS and FEF
The anatomical overlap of IPS and FEF re-
sponses during spatial attention and eye
movements was noted previously in
blocked fMRI studies that averaged prepa-
ratory, visual, and motor-related activity
(Corbetta et al., 1998; Nobre et al., 2000),
but the present study is the first to show
overlap of preparatory signals for saccades
and covert spatial attention. A behavioral

implication of this result is that spatial attention shifts are akin to
the preparation of a saccadic eye movement, as suggested by a
large body of psychophysical literature (Shepherd et al., 1986;
Rizzolatti et al., 1987; Chelazzi et al., 1995; Hoffman and Subra-
maniam, 1995).

A novel and more surprising result was the recruitment of

Figure 4. Overlap of preparatory signals for attention (blue), saccade (green), and pointing (red). Regions of overlap are
shown: White indicates all conditions, teal indicates attention/saccade, magenta indicates attention/pointing, and yellow indi-
cates saccade/pointing. A, Left hemisphere, dorsal view. B, Flattened representation of the left hemisphere. C, Effector-
independent regions (i.e., overlap of preparatory signals for attention, saccade, and pointing preparation from Fig. 4 A, B, yellow);
foci of attention to motion direction from Shulman et al. (2002) are in blue. The retinotopically specific parietal area according to
Sereno et al. (2001) is shown in red. The IPS area for preparation of saccadic eye movements described by Connolly et al. (2002) is
shown in green. D, Hand-specific regions: responses for pointing preparation after subtraction of attention and saccade prepara-
tion from Figure 4 A (red); the coordinate of putative AIP averaged over several AIP human studies is shown in yellow (for review,
see Binkofski et al., 1999; Grefkes et al., 2002). sfs, Superior frontal sulcus; cs, central sulcus; PoCS, postcentral sulcus; PrCeG,
precentral gyrus; PMd, premotor dorsal.

Astafiev et al. • Functional Organization of Human Intraparietal and Frontal Cortex J. Neurosci., June 1, 2003 • 23(11):4689 – 4699 • 4695



putative human FEF and IPS during pointing preparation and
execution, insofar as these areas are traditionally considered oc-
ulomotor or attentional fields. Eye movement recordings in the
scanner showed that subjects did not move their eyes during
preparation or execution of pointing movements. It is also un-
likely that fixation was more effortful while preparing an arm
movement than an eye movement or a covert shift of attention.
Our results are consistent with previous fMRI experiments that
reported common activity in the IPS and FEF for visually guided
saccades and pointing movements without separating prepara-
tion from execution (Connolly et al., 2000; Simon et al., 2002).
The recruitment of IPS and FEF for pointing may seem to con-
tradict previous single-unit studies that drew a strong distinction
between areas involved in eye movements and attention (e.g.,
LIP, FEF) and regions involved in reaching (e.g., PRR) (Snyder et
al., 1997). However, more recent studies have shown that neu-
rons in the FEF (Lawrence and Snyder, 2002), and also in the LIP
(Larry Snyder, personal communication), are recruited during
the preparation and execution of visually guided reaching move-
ments. Furthermore, whereas LIP and FEF neurons combine spa-
tial and effector signals linearly, PRR neurons add them supralin-
early during reaching (Dickinson et al., 2002). This suggests that
the LIP and FEF code spatial locations in a more abstract
(effector-independent) way than PRR, where the activity is more
closely related to planning of arm movements.

The common recruitment, independent of response demands
or type of effector, in the human IPS, macaque LIP, and FEF in
both species is consistent with the view that neural signals in these
regions are in part effector independent. The BOLD signal in
these areas, which was sustained throughout the memory delay
(�5 sec), may reflect the generation and maintenance of an at-
tentional or memory signal coding the relevant spatial location,
consistent with our hypothesis that these frontoparietal areas are
attentional in nature and maintain an active representation of
task-relevant information (Corbetta and Shulman, 2002). Alter-
nately, this activity may reflect the use in all three tasks of in-
tended eye-position signals to calculate the location of the at-
tended target (Andersen et al., 1990; Duhamel et al., 1992; Batista
et al., 1999). Eye position signals modulate BOLD responses in
the IPS during reaching (DeSouza et al., 2000).

Pointing-specific spatial responses in left posterior parietal
and frontal cortex
Pointing preparation recruited a larger number of regions than
saccadic preparation or covert attention in the lateral and medial
PPC and FC. This more widespread cortical recruitment may be
related not just to the effector selected (arm rather than eye) but
also to the more complex coordinate transformation necessary to
plan a pointing movement (from a retinotopic to an arm-
centered frame of reference). Experiments that have manipulated
coordinate transformations or the integration of retinotopic, eye,
and arm position signals have observed signal modulations in
PPC (Clower et al., 1996; DeSouza et al., 2000).

Pointing-specific preparatory responses were lateralized to
the left hemisphere for both contralateral and ipsilateral move-
ments. In contrast, the primary sensory-motor cortex switched
with the hand used to point. These findings are consistent with
the evidence that damage to the left inferior parietal lobule and
frontal cortex causes spatial and temporal errors in planning bi-
lateral voluntary movements or in the repetition of observed se-
quences or gestures (ideomotor apraxia) (Geschwind, 1975;
Freund, 2001; Koski et al., 2002).

A cluster of pointing-specific activity involved a swath of tis-

sue that extended from the SPL to the precuneus. Damage to the
SPL causes optic ataxia in humans, a syndrome characterized by
the inability to point precisely to visual targets (Perenin and
Vighetto, 1988). Although responses in the SPL and precuneus
have been reported previously during reaching and pointing
(Kawashima et al., 1995; Grafton et al., 1996; Connolly et al.,
2000; Simon et al., 2002), this is the first study to isolate prepara-
tory activity. Based on the registration of cortical surfaces, we
propose below that this region may partly correspond to the PRR
in the macaque. This homology is suggested by the presence of
arm-specific preparatory and motor activity as well as smaller but
significant activity during saccadic eye movements (Fig. 1F).
Similar signals have been recorded in the PRR (Snyder et al.,
2000). Finally, we observed spatial attention responses in the SPL
(Figs. 3C, 4A,B) consistent with the presence of pure spatial sig-
nals in the PRR in the absence of effector information (Calton et
al., 2002).

A second left inferior parietal lobule cluster (mean coordinate,
�37, �49, 46) was recruited during pointing preparation but not
spatial attention. The lack of spatial attention signals may indi-
cate that this region is more motor-related than the SPL/precu-
neus. This functional region is separate from putative human AIP
(mean coordinate, �40, �40, 41) (for review, see Binkofski et al.,
1999; Grefkes et al., 2002), a region active during grasping and
vision of three-dimensional objects that maps onto deformed
macaque AIP (Fig. 4D). The lack of an AIP response probably
reflects the fact that pointing does not involve complex hand
movements.

Finally, the dorsal precentral gyrus corresponds to the dorsal
premotor area, which is involved in preparatory set for finger and
upper limb movements (Kurata, 1993; Schluter et al., 1998; Toni
et al., 1999; Thoenissen et al., 2002). The anterior cingulate region
corresponds to the cingulate motor areas that are closely con-
nected with the dorsal and medial parietal lobe and involved in
motor planning (Strick, 1988; Marconi et al., 2001)

Macaque– human comparison
Surface-based brain registration provides a general strategy for
comparing cortical organization between species and evaluating
candidate area homologies (Van Essen et al., 2001; Van Essen,
2003).

Our results suggest that humans and macaques share a more
similar functional organization in the IPS than frontal cortex,
insofar as the alignment of putatively homologous areas is con-
cerned. Good correspondence between functional human re-
gions and deformed macaque areas (e.g., IPS or SPL) is consistent
with a common evolutionary plan coupled with a relatively uni-
form scaling of area sizes. In regions in which the correspondence
is poor (e.g., FEF), multiple alternatives can be considered: dif-
ferential expansion or contraction of some areas compared with
others, divergence in the function of areas having a common
evolutionary origin, emergence of entirely new areas and/or dis-
appearance of others, and (most radically) overt transposition of
cortical areas that alter their topological arrangement with
neighbors.

The homologies proposed below are based on (1) the similar-
ity between the human fMRI responses and the functional prop-
erties of neurons in anatomically defined macaque areas and (2)
the registration of cortical surfaces. These homologies are provi-
sional. More refined comparisons will emerge from direct inter-
species comparisons of fMRI activation patterns using similar
behavioral paradigms (Vanduffel et al., 2001; Nakahara et al.,
2002).
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Two regions within the IPS (aIPS and pIPS) showed robust
preparatory signals for saccades and attention, a prominent char-
acteristic of LIP neurons (Gnadt and Andersen, 1988; Colby et al.,
1996; Snyder et al., 1997), and notably, also for pointing. Both
regions mapped to the deformed VIP/LIP complex (Figs. 3A–E,
4A). Several factors might account for the modest mismatch be-
tween these foci and the center of the LIP (�7 mm; Table 1): a
genuine difference in the detailed topography of cortical areas
within the human IPS, poor spatial resolution of the fMRI re-
sponses, anatomical variability attributable to intersubject aver-
aging, or errors in the surface registration algorithm. In other
studies, functional regions putatively homologous to LIP also fall
on the medial wall of the IPS (Fig. 4C) (Corbetta et al., 1998, 2000;
Sereno et al., 2001; Connolly et al., 2002).

Responses for attending to motion stimuli (Shulman et al.,
2002) lie medial to the region for spatial attention and saccades
(Fig. 4C) and may mark the location of human VIP. In the ma-
caque, VIP neurons are strongly modulated by attention to mo-
tion (Cook and Maunsell, 2002). The response during pointing
preparation in the lateral IPS and inferior parietal lobule (Figs.
3E, 4D) may include parts of human 7A, an area that lies lateral to
the LIP and contains neurons that fire before and during the
execution of visually guided reaching movements (Mountcastle
et al., 1975; Hyvarinen and Shelepin, 1979).

The topological relationship between effector-independent
regions in the IPS and pointing-specific regions in the SPL/pre-
cuneus resembles the spatial arrangement of the LIP and PRR in
the macaque (Rushworth et al., 2001). Activity for pointing prep-
aration was mapped to several areas, including deformed the
MIP, MDP, 5D, PO, and 31. Macaque MIP is part of the PRR
(Colby and Duhamel, 1991; Calton et al., 2002). Other dorsome-
dial parietal areas (deformed MDP, 5D, and PO) are reciprocally
connected in the macaque with dorsomedial frontal areas (dorsal
premotor and anterior cingulate), which were also active for
pointing preparation and form a specialized network for the co-
ordinate transformation of peripheral visual information into
reaching plans (Wise et al., 1997; Battaglia-Mayer et al., 2001;
Marconi et al., 2001). An important caveat for our proposed
homologies is that we studied finger-pointing movements in hu-
mans, whereas monkeys are usually studied during reaching
movements.

Good spatial registration in the IPS and SPL/precuneus may
be related to the conservation of basic attentional and visuomo-
tor (saccades, reaching) processes in the course of evolution. Spe-
cies differences (e.g., the medial displacement of LIP) may reflect
the expansion of the left inferior parietal lobule, where human
responses for phonology and calculation (Simon et al., 2002) may
not have a counterpart in the macaque, and where hemispheric
asymmetries have been demonstrated (Eidelberg and Galaburda,
1984).

In contrast to the relatively good alignment of human and
monkey PPC, we found large deviations in the topography of
putatively homologous areas in the frontal lobe (Fig. 4). For ex-
ample, putative human FEF lies at the intersection of the superior
frontal and precentral sulcus (Paus, 1996; Petit et al., 1997; Cor-
betta et al., 1998; Luna et al., 1998) and was displaced �4 cm
posterior from the deformed macaque area 8 FEF complex (Fig.
3D). Similarly, the position of the macaque dorsal premotor area
in area 6 is displaced �3 cm anterior from the human dorsal
premotor area on the precentral gyrus.

Interestingly, both the monkey and human FEF lie near sulci
that are oriented in a quasi-T intersection (arcuate and principa-
lis sulci in the macaque; precentral and superior frontal sulci in

humans). This may indicate that the larger shift in the topograph-
ical position of dorsal frontal areas is consistent with an emer-
gence or expansion of prefrontal representations supporting the
repertoire of cognitive, social, and emotional behaviors that char-
acterize the human mind.
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Pico Neo 2 Eye headset. 

 PICO INTERACTIVE 

Many companies and experts within the AR/VR industry talk about the 

benefits of foveated rendering—the ability to only render a portion of the 

scene that a user is looking at. Some companies have implemented the 

technology to improve performance on standalone VR headsets, such as the 

Oculus Quest, HTC Vive Pro Eye and Pico Neo 2 Eye. After all, there is no 

point in rendering the VR or AR display at full resolution if our eyes can 

only see a small area at full resolution at a time. Still, many methods of 

foveated rendering can affect performance and power consumption, and 

very few people know the benefits of using eye-tracking to dynamically 

render content based on where the iris of the eye is looking. Moor Insights 

& Strategy recently published an in-depth paper on the topic, which I 

encourage you to read if interested. Here’s a very brief overview of the 

topics covered. 

https://moorinsightsstrategy.com/research-paper-tobii-benchmark-testing-validates-the-benefits-of-dynamic-foveated-rendering/


What are the benefits of foveated rendering? 

There are different types of foveated rendering, and various vendors 

implement the technology in different ways. It is essential to understand 

what kind of impact the technology, in its various forms, can have in terms 

of performance. Many numbers get thrown around regarding the 

performance improvements of foveated rendering. Tobii Technologies, one 

of the world’s leading providers of complete eye-tracking hardware and 

software solutions, has shown improvements of anywhere between 57% and 

72% across multiple headsets and game engines. The significant differences 

come from whether the technology is dynamic or static/fixed. One of the 

benefits of fixed foveated rendering is that it does not require any additional 

hardware, but still delivers some performance speedups. With fixed 

foveated rendering, however, if the user ever moves their gaze away from 

the center of the display, there is a noticeable degradation in image quality. 

Dynamic foveated rendering, on the other hand, requires additional 

hardware to track the gaze of the human eye, but renders an area based on 

where the eye is looking at that exact moment. This allows for a much more 

granular rendering of what is on the screen, which allows for even more 

aggressive variable-rate shading (an industry term for different render 

resolutions for different areas of the image). This technology is beneficial 

because, when combined with eye-tracking, it maximizes the performance 

of a VR or AR headset. However, it is difficult to measure these performance 

benefits; many companies who implement eye-tracking solutions have not 

publicly communicated the performance benefits of dynamic foveated 

rendering versus fixed, or even the benefits of having foveated rendering at 

all. Measuring benefits is especially difficult because dynamic foveated 

rendering involves tracking the human eye’s location. When you include a 

human in the equation of providing a benchmark, things can get a little 

dicey. 

https://microsoft.github.io/DirectX-Specs/d3d/VariableRateShading.html


That’s why it’s notable that Tobii Technologies recently established a series 

of benchmarking best practices and metrics to help the industry understand 

these performance improvements. In the paper published today, we cover 

the importance of dynamic foveated rendering and how different parts of 

the XR community—developers, OEMs and enterprise users—can utilize the 

added performance. Tobii’s approach to measuring and quantifying 

dynamic foveated rendering performance should serve as a guide to the rest 

of the industry on how to talk about the benefits of this technology. If you’d 

like to learn more about the benefits and the testing methodology on both 

PC-based and standalone VR systems, click here to read the in-depth paper. 

Disclosure: Moor Insights & Strategy, like all research and analyst 

firms, provides or has provided research, analysis, advising and/or 

consulting to many high-tech companies in the industry, including some of 

those mentioned in this article and related to it including Intel, NVIDIA, 

and many others. The author does not have any investment positions in 

the companies named in this article. 
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