A neural basis of the serial bottleneck in visual
word recognition
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Written language is a hallmark of cultural and technological development. The ability to read written
language is a testament to the effects of learning on
human behavior and brain function. However, even
highly practiced readers exhibit fundamental neural
constraints. The fact that you are unable to read the
collection of words comprising this text all at once, as
desirable as that may be, draws attention to a defining
property of the human brain: its limited informationprocessing capacity. A study by White et al. (1) published in PNAS highlights an extreme case of capacitylimited visual information processing—our inability to
read more than one word at a time—and reveals the
neural basis of this limitation using functional magnetic resonance imaging (fMRI).
Participants in White et al.’s (1) study performed a
semantic categorization task while viewing pairs of
words presented simultaneously to the right and left
of fixation. On each trial, participants viewed two
briefly displayed words (nouns), one displayed to
the left of fixation, and the other to the right of fixation, and categorized one of the words as either living
or nonliving. In a “focal cue” condition, participants
performed the task on either the left or the right word,
according to a precue. In a “distributed cue” condition, participants paid attention to both words and
subsequently reported the semantic category of one
of the words, but without knowing which in advance.
The authors, in a previous behavioral study (2), used a
similar task to show that even highly skilled readers are
able to recognize only one word at a time. In the current
study, participants performed the task during fMRI scanning, which measures blood oxygen level-dependent
(BOLD) signals with millimeter-level spatial resolution.

BOLD-Based Spatial Channels
Due to the neural architecture of the human visual
system, input from the left visual field (LVF) and the right
visual field (RVF) is initially transmitted to retinotopic visual cortex in the opposite (contralateral) cerebral
hemisphere. In contrast to retinotopic cortex, more
anterior regions of ventral occipitotemporal cortex

(VOTC) in the left cerebral hemisphere receive and
process visual input from words viewed in either the
LVF or the RVF (3). With this in mind, White et al. (1)
model BOLD-based spatial channels corresponding
to either LVF or RVF input, which allows them to
implement a neuronal attention operating characteristic (AOC) as a measure of visual processing capacity. Their main goal was to identify the neural
basis of a serial bottleneck revealed in the behavioral study mentioned previously (2), with a specific
focus on retinotopic visual cortex and VOTC.
As a starting point, White et al. (1) show that retinotopic cortex in each cerebral hemisphere shows a
contralateral hemifield–hemisphere relationship
such that retinotopic cortex in the right hemisphere
processes LVF words, and retinotopic cortex in the
left hemisphere processes RVF words. They reason
that if a serial bottleneck exists in retinotopic cortex,
then depending on the word location that participants focused on to perform the task, BOLD responses would be greater in retinotopic cortex
contralateral to this location relative to BOLD responses in a divided-attention condition (which did
not require participants to focus on either the LVF
or the RVF word). In contrast to other fMRI studies
of divided attention (4, 5), White et al. find that
retinotopic cortex processes contralateral words in
parallel when viewed simultaneously (see figure 6 of
ref. 1), albeit in separate hemispheres and not necessarily to the same degree in each hemisphere.
While this finding is important in its own right, it is
critical in the current study because it allows the authors to rule out retinotopic cortex as the most likely
neural basis of our inability to recognize more than
one word at the same time. It is also critical because
it allows them to assert that information from the two
channels converges in left VOTC.
The ability of left VOTC to visually process words
viewed at different locations is the topic of ongoing
fMRI research (3, 6, 7). Like other types of visual object
recognition (8), word recognition involves the transformation of retinotopically organized visual features into
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increasingly complex representations of letters and words by neural
circuits in VOTC (9). However, unlike other types of visual object
recognition, word recognition engages distinct populations
of VOTC neurons in the left cerebral hemisphere (10, 11). Despite progress in our understanding of the involvement of left
VOTC in word recognition, the emergence of bilateral visual field
representation in left VOTC—the representation of both RVF and
LVF visual input in distinct spatial channels—remains somewhat
mysterious.
To some degree, the ability of left VOTC to process visual
inputs from both the RVF and the LVF is explained by its direct
inheritance of contralateral (RVF) inputs via retinotopic cortex in
the same hemisphere, and by the transfer of ipsilateral (LVF) inputs
from homotopic regions the opposite hemisphere via the corpus
callosum (12). Nevertheless, White et al.’s (1) finding that LVF and
RVF channels originating in retinotopic cortex in each hemisphere
converge in left VOTC is surprising because of the specific anatomical location of this convergence. The visual word form area
(VWFA) of left VOTC was originally defined as having bilateral
visual field (LVF and RVF) sensitivity to words (3). However, more
recent fMRI findings suggest that bilateral word representation
occurs in two distinct regions of left VOTC: the VWFA and a
more posterior region of left VOTC (13). Consistent with this
possibility, White et al. (1) delineate two VWFAs in left VOTC, only
one of which shows parallel processing in both LVF and RVF
channels.
The delineation of two VWFAs is of particular importance in
White et al.’s (1) study because it enables them to identify a
transition between two functionally and anatomically distinct
stages of visual processing, and thus identify the neural basis of
the serial bottleneck in word recognition. The first stage of processing entails a funneling of LVF and RVF information into a
posterior region of left VOTC (VWFA-1) via distinct spatial channels. The second stage of processing entails the selective filtering
of information conveyed by VWFA-1 to an anterior but adjacent
VWFA-2—a serial bottleneck in visual processing of two simultaneously viewed words (see figure 6 of ref. 1). The relative anatomical locations of VWFA-1 and VWFA-2 are worth noting
because the location of VWFA-2 is consistent with that of the
VWFA originally reported to support both RVF and LVF word
recognition (3) and sometimes referred to as the brain’s visual
dictionary (14). White et al. (1), therefore, reveal an important

functional property of this neural dictionary: its limited processing
capacity. Their study demonstrates the power of the neuronal AOC
mentioned at the beginning of this commentary. The neuronal

A study by White et al. published in PNAS
highlights an extreme case of capacity-limited
visual information processing—our inability to
read more than one word at a time—and reveals
the neural basis of this limitation using functional
magnetic resonance imaging (fMRI).
AOC is an exciting development in the analysis of fMRI data that
has enormous potential to advance our understanding of the interface of vision and language in the human brain.

Open Questions
The results of White et al. (1) open the door to a number of questions
that could be answered using BOLD-based channel modeling and the
neuronal AOC. For instance, centrally viewed words entail hemifield
splitting of visual information between the RVF and LVF (15). Do RVF
and LVF channels converge in posterior VOTC (VWFA-1) for centrally
viewed words? Findings from a related fMRI study of centrally viewed
words suggest they do (13). However, in contrast to peripherally
viewed words, LVF and RVF channels corresponding to hemifield-split
parts of a word should both contribute to further processing in anterior
VOTC (VWFA-2), since this region represents whole words. This
highlights an important prospective difference in the convergence of
spatial channels in left VOTC for words viewed in the periphery
compared with words fixated during normal reading. The results of
White et al. (1) also raise interesting questions about the relationship
between word recognition and other types of object recognition. For
instance, does left VOTC contain separable channels for words versus
other types of nonword objects? Given the possibility of an opponent
cerebral relationship between word recognition and face recognition
(16, 17), does a similar bottleneck exist for face recognition by neural
circuits in the right hemisphere? The study by White et al. (1) is a
promising reminder that the answers to these and other important
questions concerning the neural basis of visual word recognition are
within reach of cognitive neuroscience.
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