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Hemispheric Asymmetries: Attention to
Visual and Auditory Primitives
Lynn C. Robertson and Richard Ivry’

Veterans Administration Medical Research, Martinez, California (L.C.R.), and
University of California, Berkeley, Berkeley, California (L.C.R., R.L.)

Abstract

A computational theory of
hemispheric asymmetries in
perception (double filtering by
frequency) is described. Its
central tenet is that the cerebral
hemispheres first perform
symmetric filtering of visual
and auditory information.
Functional hemispheric asym-
metry arises from a second fil-
tering stage (containing filters
skewed in different directions
in the two hemispheres). The
first stage selects a range of
task-relevant spatial or audi-
tory frequencies from the abso-
lute values. This range is
passed to the asymmetric fil-
ters. In this way, the hemi-
spheric difference becomes one
of relative rather than absolute
information. Behavioral defi-
cits due to unilateral lesions in
neurological patients and neu-
roimaging and electrophysi-
ological measures in normal
subjects implicate posterior
cortex in these hemispheric dif-
ferences.

Keywords
cognitive neuroscience; hemi-
spheric specialization; neuro-
psychology; perception; atten-
tion

Despite the superficial similarity
of the two cerebral hemispheres of
the human brain, there exist sig-
nificant asymmetries in their func-
tions. For the vast majority of
people, the left hemisphere (LH)
plays a primary role in the produc-

tion and perception of language.
The LH’s role is most clearly dem-
onstrated by language and speech
deficits that frequently accompany
damage to this side of the brain.
Similarly, perceptual and atten-
tional deficits are generally more
striking after right-hemisphere
(RH) damage.

PROCESS-BASED
HYPOTHESES OF
HEMISPHERIC
SPECIALIZATION

The obvious clinical differences
following LH and RH damage
have inspired extensive debate
concerning the best way to charac-
terize functional hemispheric spe-
cialization. Initial theories tended
to focus on task domains, empha-
sizing that the LH and RH were
specialized for processing linguis-
tic and spatial information, respec-
tively. With more careful study, it
became obvious that such simple
dichotomies failed to capture the
complexity of brain function. As-
pects of language such as prosody
are more often disrupted following
RH than LH damage, and visuo-
spatial deficits can be observed fol-
lowing LH damage (Fig. 1). With
the rise of cognitive psychology,
task-based dichotomies have been
supplanted by theories that em-
phasize asymmetries in terms of
how information is represented
and processed in the two cerebral
hemispheres (e.g., analytic vs. ho-
listic processes).

These process-oriented dichoto-
mies represented a major concep-
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tual advance but were, for the most
part, descriptions of the observed
phenomenon. Still missing were
computational hypotheses of such
asymmetries. A major step in this
direction was provided by a study
by Sergent (1982) in which subjects
viewed hierarchically structured
letters (e.g., Fig. 1, left column) that
were presented to the left or right
of fixation, that is, in the left visual
field (LVF) or right visual field
(RVF), respectively. Stimuli pre-
sented in the LVF are projected di-
rectly to the RH, and stimuli pre-
sented in the RVF are projected
directly to the LH. Neurologically
normal young participants exhib-
ited an RVF (LH) advantage in re-
sponse time when the target they
were asked to identify was defined
by the component, or local, shape,
and they showed an LVF (RH) ad-
vantage when the target was de-
fined by the overall, or global,
shape. Sergent hypothesized that
this local-global asymmetry indi-
cates that the two hemispheres dif-
fer in sensitivity to different visual
information in the stimulus. Build-
ing on neurophysiological studies
in animals (DeValois & DeValois,
1990), she argued that the RH re-
sponded more efficiently to low-
spatial-frequency information and
the LH to high-spatial-frequency
information (Fig. 2).

Studies (such as Sergent’s) in
which information is presented
separately to the two visual fields
are based on the assumption that
the hemisphere contralateral to the
stimulus dominates processing.
This assumption has a long and
checkered history in psychology
(Efron, 1990). However, studies
with neurological patients provide
converging support for the hypoth-
esis that these global-local asym-
metries reflect functional differ-
ences between the two cerebral
hemispheres, thus supporting the
evidence from normal subjects. For
instance, in several studies examin-
ing the representation of hierarchi-
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Fig. 1. Examples of hierarchical stimuli (a global triangle created from local rect-
angles and a letter M created from Zs) and how they were copied by patients with
right- or left-hemisphere brain damage. (Adapted from Ivry & Robertson, 1998.)

cal stimuli following unilateral
brain damage, patients with unilat-
eral RH damage not only were im-
paired in drawing global objects
but also exhibited perceptual and
memory deficits for global infor-
mation. Conversely, patients with
unilateral LH damage exhibited

similarly poor performance, but for
local objects (reviewed in Ivry &
Robertson, 1998).

Subsequent research with both
normal and neurologically im-
paired populations has led to an
important qualification of the local-
global hypothesis. Casual observa-

Low

Fig. 2. Examples of gratings with low and high spatial frequency. Spatial frequency
is measured in terms of number of light and dark luminance cycles over a unit of
space, typically the number of cycles per degree of visual angle (measured with
reference to the distance spanned by the stimulus over the globe of the eye). High-
frequency gratings have more cycles per degree than low-frequency gratings.
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tion makes obvious that the terms
global and local refer to relative
spatial relationships rather than ab-
solute differences in size. A local
component in one context may be
global in another. For example, a
global shape of a tree is defined by
the configuration of its trunk,
branches, and leaves. This same
tree can serve as a local form
within the overall landscape. In ad-
dition, the absolute size of a stimu-
lus will vary with viewing dis-
tance, but the size ratio between
local and global is maintained. Dif-
ferences in local and global pro-
cessing by patients with unilateral
RH or LH damage are relatively in-
dependent of the range of absolute
sizes in the stimulus (i.e., visual
angle).

Consideration of this scaling
property raises questions concern-
ing the level at which local-global
hemispheric asymmetries arise.
One cannot simply argue that cells
in visual cortex that initially re-
ceive information (i.e., visual stri-
ate cortex) are more sensitive to
higher spatial frequencies in the
LH than in the RH. Moreover,
there is scant physiological evi-
dence in support of such a hypoth-
esis. Laterality effects occur later in
visual processing and are a func-
tion of relative size.

HEMISPHERIC
ASYMMETRIES IN THE
REPRESENTATION OF

RELATIVE SPATIAL
FREQUENCY

Motivated by Sergent’s proposal
relating hemispheric differences to
spatial frequencies, Hellige (1993)
reported several experiments using
sinusoidal gratings to test the
theory. When gratings with low or
high spatial frequencies were pre-
sented in either the LVF or RVF,
the ability to detect the gratings
was equal for the two fields. How-
ever, when the participants were
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asked to identify whether each
stimulus was composed of “thick
bars” (low frequency) or “thin
bars” (high frequency), the thick
bars were identified more rapidly
in the LVF (RH), and the thin bars
were identified more rapidly in the
RVF (LH). Interestingly, the field-
by-frequency differences were ob-
tained when sinusoidal gratings of
1 and 3 cycles/deg formed the
stimuli for the thick and thin bars
and when the grating pairs were 3
and 9 cycles/deg (Fig. 2). Thus, the
response pattern to the 3 cycles/
deg stimulus reversed depending
on whether it was the relatively
high or relatively low member of
the stimulus set. In another study,
participants were required to dis-
criminate whether a stimulus com-
prised two or three sinusoids. The
third component in the three-
sinusoid stimulus was always 2
cycles/deg. In one block of trials,
this component was paired with
two sinusoids of lower spatial fre-
quency, and in another block it
was paired with two sinusoids of
higher spatial frequency. When the
2 cycles/deg component was the
highest frequency, responses were
faster to stimuli presented in the
RVF (LH), and when this compo-
nent was the lowest frequency, re-
sponses were faster to stimuli pre-
sented in the LVF (RH).

Spatial frequency analysis has
been directly linked to global and
local information in hierarchical
stimuli. Shulman and Wilson
(1987) had participants make lo-
cal/global judgments of hierarchi-
cal stimuli while also performing a
secondary task involving detecting
low-contrast sinusoidal gratings of
varying spatial frequency. Attend-
ing to the global level on the pri-
mary task influenced detection of
low-frequency gratings more than
high-frequency gratings, and at-
tending to local properties influ-
enced detection of high-frequency
gratings more than low-frequency
gratings.

Finally, clinical data collected
using more naturalistic scenes are
consistent with relative processing.
Neurological patients with damage
to the RH exhibit deficits in glo-
bally processing whole scenes,
whereas those with damage to the
LH exhibit deficits in processing lo-
cal parts of scenes.

DOUBLE FILTERING BY
FREQUENCY (DFF)

The preceding overview indi-
cates that a computational theory
of hemispheric specialization in vi-
sual perception must account for at
least two critical observations.
First, the two hemispheres differ in
their sensitivity to spatial fre-
quency information contained in
complex visual patterns, with the
RH biased toward lower-frequency
information and the LH toward
higher-frequency information. Sec-
ond, this asymmetry is relative
rather than absolute. In the DFF
theory, we have proposed two suc-
cessive filtering stages based on vi-
sual-processing mechanisms tuned
to spatial frequency (Fig. 3). First,
there is selection of the range of
spatial frequencies that are rel-
evant for the task at hand. We as-
sume this stage is performed sym-
metrically by the two hemispheres.
The output of this stage serves as
input for the second processing
stage. It is at this stage that hemi-
spheric asymmetries appear. Each
hemisphere operates as a filter on
the selected input from the first
processing stage: The RH operates
as a low-pass filter (it allows more
low-frequency information to pass
on for further processing), and the
LH operates as a high-pass filter (it
allows more high-frequency infor-
mation to pass).

According to the DFF theory,
both hemispheres have access to
the task-relevant information, but
asymmetric filtering of the initially
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selected information will yield
nonidentical representations. The
representation associated with LH
processing will be more efficient
for certain types of tasks, whereas
the representation associated with
RH processing will be more effi-
cient for other types of tasks. The
two hemispheres are not simply
performing redundant analyses.

Consider a task in which partici-
pants look at a hierarchical stimu-
lus to see if a target letter is present
but do not know before the trial be-
gins if that letter will be defined at
the local or global level. The LH
representation resulting from high-
pass filtering should be more effi-
cient for identifying the target if it
is relatively local. In contrast, the
RH low-pass representation should
be more efficient for identifying the
target if it is relatively global. Note
that, according to DFF, both hemi-
spheres are capable of performing
the task. They will simply differ in
the fidelity with which they repre-
sent information required to make
local or global judgments. Lateral-
ity effects do not emerge because
one hemisphere or the other is re-
quired to perform a particular task,
but rather because the hemispheres
differ in the efficiency with which
they represent different kinds of in-
formation and because the infor-
mation that is most useful varies
from task to task.

An appealing aspect of the DFF
theory is that similar computa-
tional principles may underlie lat-
erality effects observed in other
perceptual domains. Auditory
stimuli can be described in terms of
their frequency spectra, although
in this case frequency refers to pe-
riodic changes in sound pressure
rather than luminance variation
across space. Various phenomena
in pitch perception and music per-
ception are consistent with the hy-
pothesis that the RH and LH are
biased to represent lower- and
higher-frequency information, re-
spectively. Again, these asymme-
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Fig. 3. Schematic example of the double-filter-by-frequency theory. An experimenter
and participant attending to a hierarchical stimulus are shown in (a). For simplicity,
(b) shows a one-dimensional representation of absolute spatial frequencies plotted
through the middle horizontal axis of (a). The dashed circle indicates the region of
the power spectrum that is selected by the attentional filtering stage for further
analysis in both hemispheres. The selected spectral information is processed asym-
metrically in the two cerebral hemispheres, as shown in (c). The black curves in this
panel represent the filtering operations of the hemispheres; information above each
curve is filtered out. The left hemisphere (LH) performs a high-pass filtering opera-
tion, amplifying the higher-spatial-frequency information in the selected region. The
right hemisphere (RH) performs a low-pass filtering operation, amplifying the
lower-spatial-frequency information in the selected region. (See the text for further
explanation.) This second filtering stage results in asymmetric representations.
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tries are observed in terms of rela-
tive differences in frequency rather
than absolute differences.

This hypothesis also provides a
novel, provocative perspective on
how the two hemispheres may
contribute to speech perception.
Phonetic information that contrib-
utes to discrimination of one syl-

lable from another (e.g., “ba” vs.
“da”) is primarily carried in the
higher frequencies of the speech
spectrum, and the LH is better than
the RH at making these discrimina-
tions. There is also important para-
linguistic information that is con-
veyed by the lower frequencies.
For example, prosodic cues and

Published by Blackwell Publishers Inc.

perhaps voice recognition are de-
pendent on variation in the lower
frequencies of the speech signal.
Neuropsychological studies have
convincingly shown that the RH is
more critical than the LH for ana-
lyzing these aspects of speech. As
in visual perception, the DFF
theory posits that laterality effects
do not arise because one hemi-
sphere has evolved a specialization
to solve a certain type of task (e.g.,
language vs. space). Rather, the dif-
ferences result from the asymmet-
ric filtering operations performed
by the two hemispheres on task-
relevant information.

FUNCTIONAL
NEUROANATOMY AND
PERCEPTUAL ASYMMETRIES

Neuropsychological studies of
patients with limited unilateral
brain damage have shown that
deficits in local and global process-
ing are associated with damage in
the posterior areas of the cortex. In
particular, the border of the tempo-
ral and parietal lobes appears criti-
cal for the normal asymmetric fil-
tering stage posited by the DFF
theory. Patients with lesions in this
area in the RH or LH are impaired
in making global and local judg-
ments, respectively. These deficits
are apparent across a wide range of
stimulus sizes. In contrast, other
patient groups (e.g., patients with
lesions centered in more superior
areas of the parietal lobe or pa-
tients with frontal lobe damage)
perform comparably to control
subjects on these tasks.

Electrophysiological and brain-
imaging techniques have provided
additional confirmation that the
processing asymmetries have a
posterior cortical focus. There is
some debate about the precise criti-
cal area in the posterior cortex.
Nonetheless, as predicted by the
DFF theory, asymmetries appear to
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arise at a relatively early process-
ing stage within the visual system,
but beyond primary visual cortex
(Fink et al., 1996; Heinze, Johannes,
Munte, & Mangun, 1994).

WHAT NEEDS TO BE
DONE NEXT?

The DFF theory offers an inte-
grated, computational model to ac-
count for a large set of findings in
the laterality literature. The theory
builds on relatively simple ideas
regarding how information is
transformed during the initial
stages of perceptual analysis. Un-
like many alternative theories, DFF
does not focus on particular task
domains, nor does it entail a strong
dichotomy between LH and RH
function. The theory offers an ex-
plicit account of successive pro-
cessing stages that could underlie
marked functional asymmetries. It
remains to be seen if spatial and
sound frequencies are the correct
primitives from which laterality ef-
fects emerge.

More research is clearly needed
to directly test the generalizability
of the DFF theory. In the auditory
domain, one could evaluate lateral-
ity effects for different speech con-
trasts because they vary in the im-
portance of high and low spectral
information. The theory might also
apply to asymmetries concerning
how the two hemispheres respond
to temporal changes in information
(see Tallal, Miller, & Fitch, 1993).

The link between the spatial and
auditory domains also needs ex-
amination. Why might similar
asymmetries emerge in how the
brain processes spatial and sound
frequencies?

Finally, it is worth considering
whether the proposed DFF compu-
tations could be useful in account-
ing for other task domains in which
laterality effects are marked. For
example, the nondominant hand is
generally used in the contextual as-
pects of bimanual tool manipula-
tion, whereas the dominant hand is
used for more local, precise move-
ments (Guiard, 1987). (For in-
stance, right-handers will hold a
fishing pole with their left hand
while reeling in with their right
hand.) The representation of se-
mantics within the two hemi-
spheres has also been characterized
in terms of local and global repre-
sentations. It remains to be seen if
there is a causal link between these
different task domains, or if the ap-
parent parallels result from the
limited set of descriptive terms
used to account for differences in
processing between the left and
right hemispheres.
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