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L ooking inside and beyond eye fixations

N reading

Flizabeth R. Schotter ® '* and Brennan R. Payne®

Co-registration of neural and behavioral measures is key in developing a holistic
understanding of reading. However, researchers must study not only neural
effects inside fixations, early enough to initiate saccade decisions, but also
later effects that are linguistically driven. Furthermore, researchers must not
only use co-registration to allow for naturalistic reading but also to look beyond
individual fixations to examine the coupling between temporally extended neural
language processing and saccade decisions. Such an approach has revealed
that saccade decisions are triggered at an intermediate point of lexical process-
ing, followed by complete recognition and integration of a word into its context.
This account can resolve the apparent paradox that the eyes can move through
text faster than the brain understands it.

How can reading be faster than understanding?

Humans read incredibly quickly. Typical reading rates are ~265 words per minute [1], and readers’
eyes pause, during a fixation (see Glossary), for only a quarter of a second before making a sac-
cade [2,3]. However, neural data suggest that it takes 2—4 times longer than a single fixation to fully
recognize and interpret a word in context [4,5]. This discrepancy raises the following question,
‘How can the eyes be faster than the brain’ [6] while also being guided by its computations?

Answering foundational questions about reading requires tools with a temporal resolution
matched to the rapid processing of text. However, there is a theoretical chasm between two
methodologies with the appropriate temporal resolution: eye tracking and event-related
brain potentials (ERPs), creating long-lasting siloing of empirical practices, theories, computa-
tional models, journals, and conferences. Although the timing discrepancy between independent
eye tracking and ERP findings remains unresolved [7-9], we may be able to integrate these per-
spectives by simultaneously recording both data streams (i.e., co-registration).

Here, we summarize the insights gained from co-registration studies that were guided by the the-
oretical perspective of each field. However, we argue that to truly optimize co-registration, we
must analyze the coupling between temporally extended neural responses and specific saccade
decisions, and we provide compelling examples of how this approach has enhanced our under-
standing of the holistic reading process. Finally, we describe an account of reading that can
resolve the cross-field timing discrepancy, assuming that early saccade decisions are driven by
incomplete analysis of words that is often—but not always—correlated with the complete linguis-
tic analysis reflected in later-observed neural measures.

Historical context for the siloing between fields

Eye tracking researchers largely focus on how quickly readers can process linguistic variables via
behaviors like word skipping and the duration of the first fixation on a word (@among others). They
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argue that, because variables like word frequency affect fixation durations, ‘lexical access is well
under way before the end of the fixation’ [10], and even within ~100 ms to allow ~125 ms for the
saccade plan to execute [10-12]. In contrast, ERP researchers rarely observe effects of lexical
variables on neural responses as early as 100 ms [13,14]. Instead, when studying reading, they
largely focus on when the effects of variables such as word predictability or plausibility
are maximal—on so-called ‘language-related’ ERPs, including the N400 and P600 family of
components [15]. These brain potentials occur considerably later than a typical fixation duration,
implying that full construction of message-level meaning in the brain takes time [5,16,17].

Some researchers argue that the timing discrepancy is methodological, and the N400 is ‘too late’
and timing-invariant because ERP studies often use the Rapid Serial Visual Presentation (RSVP)
paradigm, in which each word in the sentence is presented sequentially, in isolation, at a fixed rate
[6,18-20]. The advantage of RSVP is that it minimizes eye artifacts and component overlap in the
electroencephalogram (EEG) due to fixation duration/sequence variability. Nevertheless, they
argue that it may (1) artificially prolong perception of the text, (2) prohibit parafoveal preview,
and (3) restrict natural reading behavior (e.g., word skipping and regressions). While these par-
adigmatic concerns are valid, the timing of most sensory and higher-order cognitive components
(e.g., the N400) is stable across paradigms and presentation modalities, including the RSVP with
Flankers paradigm that allows for parafoveal preview (Box 1), ruling out the first two concerns.
Therefore, the following theoretical question remains: to what degree are the processes reflected
in language-related ERP components related to saccade decisions that precede them during
natural reading?

Studying neural correlates of naturalistic reading behavior

Co-registration has the advantage over RSVP paradigms in that it allows participants to read naturally
(i.e., make saccade decisions) while researchers measure the neural responses (e.g., to analyze
fixation-related brain potentials, FRPs [47,48]). There has been rapid growth in co-registration
research, in large part because many technical hurdles have been addressed. For example, there
are now toolboxes that facilitate (1) temporally synchronizing the data (e.g., EYE-EEG [47]),
(2) removing saccade artifacts from the EEG (e.g., OPTICAT [49]), (3) labeling fixations/saccades
in the co-registration data in relation to the timing/sequence of other reading behaviors
(e.g., EyeSort, https://www.eyesort.org), and (4) separating out spatiotemporally overlapping
effects from other fixations using regression-based deconvolution modeling (e.g., Unfold
[60-52]). However, we still need to establish best practices within co-registration research,
mirroring and strongly influenced by guidelines for best practices in ERP [53,54] and eye tracking
research [3,55,56].

Even with over a decade of co-registration data in hand, we have not yet built a complete theory of
both the neural processes and behavioral actions involved in reading, in large part because the
timing discrepancy persists. For example, word predictability appears to affect behavior
(e.g., word skipping) earlier than brain processes (e.g., the N400) even in co-registration studies
[57]. Therefore, the promise of co-registration—to conceptually link brain activity and behavior—
has not yet been realized. We would argue that one driving reason for this is that researchers
have perpetuated the theoretical biases of their home fields when adopting co-registration. For
example, in focusing on the earliest neural processes that occur during fixations, eye tracking
researchers have ignored late language-related FRP responses, and to some degree, even earlier
(i.e., parafoveally elicited) responses. Conversely, by using RSVP (even including parafoveal flankers),
ERP researchers have generally ignored potential relationships between neural activity and reading
behaviors. Thus, the fields have been theoretically misaligned because they have been looking in
completely different places in the neural data, either inside the fixation or beyond it.
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Glossary

Behavior-contingent analysis
(BCA): analyzing an FRP (or other
measure) separately for different
behaviors (e.g., word skipping/fixation,
regressive/progressive saccades).
Component: a latent neural process
causing a deflection in the ERP
waveform with a consistent polarity,
timing, scalp topography, and sensitivity
to experimental manipulations or
participant behavior.

Co-registration: simultaneous
recording of multiple data streams.
Event-related brain potential (ERP):
scalp-recorded electrical brain activity
time-locked to an event, averaged
across trials within a condition.

Eye tracking: measurements of the
point of gaze.

Fixation-related brain potential
(FRP): an ERP in a co-registration
study, time-locked to a fixation.
Fixation: a stable point of gaze when
visual information is perceived.

Lexical threshold: a theoretical
decision threshold, prior to full word
recognition during reading, when
enough information has accrued to
program a saccade.

N170: an ERP response: a posterior
negativity peaking ~170 ms. Linked to
perceptual encoding of faces and other
familiar stimuli, including words.

N400: an ERP/FRP response: a broad,
centroparietal negativity beginning ~250
ms, peaking ~400 ms. Observed for
meaningful stimuli, sensitive to
predictability.

Orthographically related anomaly:
an anomalous word that differs from an
expected word by one or few letters.
P600 family: a group of ERP/FRP
responses: sustained posterior/occipital
positivity peaking ~600 ms. Sensitive to
semantic/syntactic anomalies.
Parafoveal preview: processing a
word prior to fixating on it.

Plausibility: when a word makes sense
in the context in which it appears.
pN400: an N400 response to a
parafoveally perceived word.

Preview positivity: an FRP response:
an occipitotemporal positivity starting
~200 ms. Graded by (orthographic)
overlap between the parafoveal preview
and fixated word.

Regression: a backward saccade to
re-read earlier parts of the text.

RSVP with Flankers paradigm: a
version of RSVP where, along with the
current word in foveal vision, the prior
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The view inside fixations

Eye tracking researchers assume there must be a neural signature of language processing prior
to a saccade [10,47,58], based on theories that the (implicit) decision to stop looking at a word is
directly controlled by language processing [59]. Therefore, they assume that the timing of the rel-
evant neural effects ‘must occur within the temporal confines of a typical eye fixation’ [10] (see
Toward theories of the eye—brain link in reading). Investigations of saccade-related potentials
(SRPs, EEG preceding saccade onset) find that word frequency and predictability effects pre-
cede saccades by 150-200 ms [47,60]. Such findings support the idea that lexical processing
may initiate saccade decisions in reading by isolating activity directly tied to them. This approach
is similar to investigating response-locked ERPs, which has successfully isolated activity related
to preparatory manual motor activity [61] and error monitoring [62]. We encourage co-registration
researchers to investigate SRPs if relating brain activity to saccade decisions is a primary research
question. However, most studies have ignored SRPs to focus on FRPs (analogous to stimulus-
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word appears in the left parafovea, and
the next word in the right parafovea.
Saccade-related potential (SRP): an
ERP in a co-registration study, time-
locked to a saccade.

Saccade: a rapid movement of the eye.
Word frequency: how familiar a word
is, irespective of a sentence context,
measured via frequency of occurrence in
a corpus of text.

Word predictability: how likely a word
is to be expected in a sentence context,
measured via a cloze (fill-in-the blank)
task or through large language models.
Word skipping: a saccade from earlier
to later parts of the text, without

stopping on the word.

locked ERPs).

Box 1. The N400 has stable timing

The timing of the N400 is invariant across paradigms (e.g., RSVP, co-registration in text reading, or listening to speech [5,21]; Figure |). For example, the timing of the N400 is
not accelerated by faster RSVP presentation rate [22-25] or auditory presentation (after accounting for variability because the perceptual input unfolds over time and expec-
tations can only be (dis)confirmed incrementally [26-28]). Parafoveal preview also does not change the timing of the N40O. Parafoveal processing during reading can be
studied using the RSVP with Flankers paradigm to provide parafoveal preview while still maintaining the experimental control advantages of RSVP. Studies using this par-
adigm find that readers produce the N40O in response to parafoveal preview (i.e., a pN400), and then again in response to foveal perception. Importantly, while a valid
parafoveal preview reduces the amplitude of the foveal N40O0 (but does not necessarily eliminate it), it does not change the latency [5,29-41]. Therefore, as in co-registration
studies, the (p)N400 responses nearly always peak ~400 ms after any fixation in which the word can be perceived. Moreover, the N400 is aimost identical whether com-
ponent overlap is accounted for using deconvolution compared with traditional (un-deconvolved) FRPs [42,43]. The fact that the N40O is elicited across the visual field
appears to contrast with semantic and syntactic P600 effects, which are only observed following foveal perception [34,35,38,39,44]. The temporal stability of the N40O
may serve as a temporal binding mechanism whereby disparate sources of information are combined to reflect the unified meaning of a stimulus [45]. The N400 also seems
to be largely automatic (i.e., elicited without requiring attention [5]), a property that strongly contrasts with fixation durations, which vary widely in time (i.e., duration) and are
interpreted as an index of the attention allocated to recognize a word [46]. This division of labor may be functional in that the oculomotor control interface for reading may
optimize the presentation of perceptual input in a way that allows the language processing system to bind together information needed to construct message level meaning
at the appropriate time. This may mean that readers take advantage of the multiple snapshots of the text that they perceive distributed across multiple fixations. Neverthe-
less, co-registration is important to allow readers to make saccade decisions about the timing and sequence of when and how they perceive the text (see Box 3).

RSVP RSVP

w/ Flankers

Natural
Reading

Listening

Co-registration

o)

] 8 "~ "~
bank the bank last| ..the bank last.. .. the bank last..
last bank last week

Fixation Duration ~200-250ms ~200-250ms
E/FRP (N400) ~400ms ~400ms ~400ms ~400ms
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Figure I. Schematic of paradigms used to measure the N400.
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When investigating FRPs, word frequency has been the focus of much cross-method theorizing
[10] due to its strong influence on fixation durations [2,3]. However, the effect of word frequency
on FRPs (a negativity for low-frequency words at occipital/temporal sites) only reliably arises
around 200 ms after fixation onset [58,63-66], which is arguably ‘too late’ to affect the saccades
that are executed shortly afterward. Looking earlier, some studies have found frequency effects at
160 ms [63], 140 ms [65], or 80 ms (but only under some conditions [58]), while others failed to
find any frequency effect on FRPs at all [18,67]. Early effects of word frequency may be unreliable
because they are obscured by lexical interactions with context or because the effects start during
parafoveal preview (Box 2).

To study parafoveal preview, studies use a gaze-contingent boundary paradigm [91], in
which the text is changed based on the reader’s gaze location to manipulate preview validity
(similarity between the preview and the subsequently fixated target word [92]). Such studies
observe a reliable preview positivity for valid compared to invalid previews ~200 ms after
fixation on the target [18,19,42,58,64,65,93,94]. When first documenting the preview positivity
[47], researchers noted its similarity to the N170 ERP component in terms of its earlier timing
than the N400, occipitotemporal distribution, and sensitivity to early orthographic processing
[95,96]. Because the amplitude of the preview positivity is graded by the degree of orthographic
overlap between the preview and target [19], it has been interpreted as arising from trans-
saccadic integration of orthographic codes (Box 2). Importantly, although the preview positivity
occurs inside the fixation, it does not occur early enough to affect saccade decisions on that
word.

Critically, it is myopic to focus only on the earliest FRP effects under the assumption that effects
that arise after the fixation ended could not have any relation to saccade behavior. ERPs provide
upper—not lower—bounds on when a cognitive process occurred [97,98], such that the latent
cognitive process could have started well before the corollary effect is observed in the ERP/
FRP waveform, a point we return to later.

The view beyond fixations

As noted earlier, an advantage of co-registration is the ability to test whether neural language pro-
cesses fundamentally differ when readers can (or cannot) control the sequence or timing of the
language input. Studies examining language-related FRP components (e.g., N400 and P600)
have observed remarkably identical effects to traditional ERP studies (with and without parafoveal
flankers), with respect to their timing, scalp topography, waveform morphology, and (in)variance

Box 2. Parafoveal preview and predictability constrain word recognition

ERP studies of single-word recognition sometimes find effects of word frequency (and also effects of repetition, orthographic neighborhood size, bigram frequency, etc.)
prior to 200 ms, including on sensory components [68,69]. However, during reading, the time course of word recognition will inevitably change as a consequence of the
opportunity to predict a word based on the context and to preprocess it during parafoveal preview. Both of these opportunities may not only accelerate word recognition
but may also fundamentally change the nature of the process [70]. For example, eye tracking studies using survival analysis of fixation durations to determine the earliest
moment when word frequency effects are observed have found that a valid parafoveal preview moves this ‘divergence point’ 111 ms earlier compared with when
parafoveal preview is denied [11]. Yet the nature of parafoveal preview effects is not entirely clear. They are often interpreted as a consequence of trans-saccadic inte-
gration based on representational similarity between the preview and target [71]. However, this interpretation is incompatible with the finding that readers sometimes
make shorter fixations following invalid compared with valid previews (i.e., so-called reversed preview benefits [72-75]), suggesting that readers may initiate saccades
directly from the previewed word without comparing it to subsequent foveal information [20,76-80]. Additionally, the presence of expectations may allow information to
be preactivated at multiple levels of analysis, leading to suppression of context-free word frequency effects on ERPs in high constraint sentences [38,81-83]. While pre-
diction is a core component of sentence processing, it is still an open theoretical debate regarding the factors that lead readers to predict (features of) words versus to
wait to perceive them before integrating them into the context [5,70,84-88]. Clearly more work is needed to better understand the ‘state’ of the word recognition system
before versus after perceptual input is received across the visual field. Emerging tools to probe anticipatory neural dynamics, such as Representational Similarity Analysis
(RSA) [89,90] may be a fruitful avenue to explore.
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in their elicitation across the visual field (Box 1). For example, readers produce an N40O0 effect
when they fixate on a word [47,57,64,67,94,99-101]. Importantly, they also produce an N400
on the prior fixation (i.e., a pN400 effect) [67,93,99,102,103], suggesting that, in natural reading,
some aspects of lexico-semantic processing can be initiated prior to fixating on a word. Unlike the
(P)IN400, emerging work examining semantic and syntactic P600 effects suggests that, while
produced in response to a fixation on the word, they are not produced on the prior fixation
(i.e., not elicited by parafoveal perception) [42,99-101]. These findings suggest that the automatic
and obligatory stage of (semantic) processing, reflected in the N4Q0, is elicited even with minimal
attention (i.e., outside foveal vision). In contrast, the effortful and attention-demanding process of
semantic and syntactic integration/reanalysis, reflected in the P600 family [104], may require the
type of attention that can only be allocated at fixation. Therefore, co-registration data are consis-
tent with recent claims that neural responses are elicited multiple times and distributed across
several fixations [5] (see ‘Toward theories of the eye—brain link in reading’).

The similar waveform morphologies of FRP and ERP effects indicate that RSVP paradigms are
largely valid tools for studying (some aspects of) reading [47,105]. Therefore, we should leverage
the fruitful literature that has detailed the mapping between neurocognitive perceptual, attentional,
and linguistic processes and specific ERP components [106]. What ERP research has helped us
learn about neurocognitive processes will help to constrain, explain, and elaborate on our theorizing
about FRPs. However, as we discuss later, the average FRP effects may obscure important
differences that depend on the surrounding saccade decisions. Studies that have directly compared
paradigms find that the magnitude (but not the timing) of the preview positivity is larger [19,65], while
the N400 [100,101] and the P600 [101] are, on average, smaller for FRPs than ERPs. Therefore,
how readers engage in linguistic processing may depend on the sequence and timing with which
they encounter the words [22,107]. This is yet another reason why co-registration is so critical to
understanding the cognitive processes underlying naturalistic reading (Box 3).

Based on the later timing of the FRP effects relative to saccades, and different sensitivities to
experimental manipulations, some studies conclude that fixation measures and language-
related FRPs reflect independent stages of processing during reading [47,57,64,67]. However,
this conclusion is based on studies that treat the eye tracking and EEG data as separate univar-
iate outcomes, which fail to maximize the strength of co-registration. When aiming to understand
the neural mechanisms underlying naturalistic reading behavior, it is short-sighted to go through

Box 3. Visual attention is flexible

A critical reason to study naturalistic reading (i.e., rather than using artificial reading paradigms) is that the visual system is incredibly flexible. Visual attention can, and does,
rapidly adapt to task goals and environmental constraints. For example, the visual system can flexibly ‘zoomin’, ‘broaden’, or even ‘split’ the distribution of visual attention in
service of participant goals, task demands, or explicit instructions [108-110]. Likewise, in naturalistic reading, the distribution of attention is flexibly narrow or broad as is
needed to serve the reader’s goal at a given moment [37,111,112]. One implication of these findings is that artificial presentation methods like RSVP (with and without
flankers), and rapid parallel visual presentation, can only tell us about what readers are capable of in principle, rather than what they typically do. Although establishing
the existence of a phenomenon in an artificial task is important, it is equally important to determine whether such effects change with a different task or paradigm. Fortu-
nately, the language-related ERP effects, such as the N400 and P600, do generalize from RSVP paradigms (with and without flankers) to FRP effects in co-registration
studies (see Box 1). Therefore, we can leverage the ERP literature to understand brain mechanisms that are stable across paradigms. However, we also emphasize that
replication in naturalistic environments is needed to establish whether there are any language-related brain mechanisms that are unique to naturalistic reading scenarios. As
we have previously argued [107], paradigms adopting non-naturalistic presentation may induce task effects that make certain data patterns more or less likely based on the
task constraints and the goal of the reader (e.g., is it possible for visual attention to be allocated across multiple words simultaneously?). Recent evidence of rapid parallel
processing of syntactic relationships among multiple words from studies presenting whole phrases ‘at a glance’ have revealed that the brain can, in principle, process gram-
matical relationships between multiple words in the visual field very rapidly [113]. However, the use of artificial task constraints that promote the broad distribution of attention
(i.e., to extract visual information as quickly as possible because the percept disappears so quickly) may implicitly impose task demands that change participant behavior.
Only via co-registration can we investigate whether the brain’s linguistic computations are promoted by or restricted by the opportunity to make saccade decisions that
determine the timing and sequence of perceptual input in order to perform the task.
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the extensive effort of co-registering EEG and eye tracking data if we do not also co-analyze their
multivariate coupling and co-conceptualize their insights into the reading process, an approach
that has proven successful in other domains of cognition [114,115].

Fulfilling co-registration’s promise via coupled analysis

Theoretical progress requires analytic approaches to co-registration data that allow for the direct
assessment of multivariate coupling between eye tracking and FRP measures. Emerging work
using behavior-contingent analysis (BCA), in which individual FRP trials are binned based
on saccade behavior (e.g., Did the reader skip the word? Did they make a regressive saccade?),
has shown that there are strong neural correlates of saccade decisions, but ones that occur
beyond the fixation, not inside it. For example, the pN40O elicited by an anomalous word that
was orthographically similar to an expected word (compared with the expected word) is only
observed when the word is skipped and is completely absent when it is directly fixated [103].
This finding suggests that skipping reflects deeper processing of the parafoveally perceived
word. Similarly, one study shows that both the semantic PG00 elicited by semantic anomalies
and the syntactic P600 elicited by syntactic violations (compared with plausible words) is only
observed on trials in which the reader makes a regressive saccade from the target word and is
completely absent if they move forward [101]. This finding may explain why the magnitude of
these effects is smaller in aggregate FRPs compared with ERPs [101], if the average reflects a
mixture of P600-eliciting regression trials and non-P600-eliciting progressive trials. This finding
may also shed light on the nature of the P600, which has been interpreted to reflect a range of
(nonmutually exclusive) language-specific or domain-general cognitive processes, including inte-
gration effort [4,104], reanalysis or repair [116], detection of conflict with a situation model [17], or
noisy channel inference [117]. The association between the P600 and regressive saccades
aligns with ERP findings showing that the P600 depends on conscious recognition of an anomaly
[118,119], and may be linked to the reader detecting processing difficulty or a comprehension
breakdown, and intending to resolve or repair the problem. Therefore, we may only be able to
observe the P600 in FRPs if we isolate trials when a regression happens, rather than including
any trial that should have resulted in a P600 because there was an anomaly. The field must rep-
licate and extend these findings, as well as examine relationships between other neural
responses and saccade behaviors, to provide a more detailed picture of the brain-behavior
link.

Importantly, both behavior-contingent FRP effects arose after the relevant saccade was executed
and would not have been observed if the researchers had truncated their analysis to focus on the
earliest FRP effects. In fact, visual inspection of the behavior-contingent FRPs in these studies
[101,103] does not indicate that linguistically driven modulation of the FRPs occurs earlier than
the N400/P600, nor does it differ in timing for trials varying in saccade behavior. These findings
suggest that the strongest correlates of saccade behavior do not come from neural activity inside
a fixation but rather beyond it [i.e., during the previous or next fixation(s)].

The most fruitful path for co-registration research is to embrace methods that assess the
moment-to-moment coupling between saccade behaviors and brain activity in order to directly
uncover the neural processes that underlie naturalistic reading. Theoretically, one could examine
the coupling/contingencies between any number of measures derived from either the eye track-
ing or EEG data (e.g., fixation durations and FRP measures). However, currently, we only have
compelling examples of the contingency of neural responses on binary saccade behavior, per-
haps because it is easiest to identify and sort trials based on binary behaviors. As the field
grows, we may find other brain-behavior contingencies of interest that can help strengthen claims
about the eye-brain link, which is arguably the highest goal for co-registration research.
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Toward theories of the eye-brain link in reading

One benefit of the long siloing of reading research is that the eye tracking and ERP fields have pro-
duced computational models that accurately explain each univariate outcome, with some dis-
agreement between competing models [59,120]. Interestingly, there is similarity across the two
fields in the proposed architectures, for example, the central role of predictability and distinct
stages of lexical and postlexical processing. However, empirical co-registration studies have
concluded that ‘there is no one-to-one equivalence between the N400 amplitude and fixation
durations’ [67] due to a lack of subject-level [47] or trial-level [57] correlations between them.
Obviously, the measures provide qualitatively different insights into reading: FRPs provide a con-
tinuous measure of neural activity that occurs before, during, and after fixation [47], whereas eye
tracking provides a measure of the discrete behavioral manifestation of (some of) those neuro-
cognitive processes [3]. Word processing is distributed across multiple fixations [5] for (at least)
two reasons. First, readers begin to recognize a word prior to fixating it (i.e., parafoveal preview
[20,92]; Box 2). Therefore, fixation durations on that word may not correlate with N40O effects
but rather pN400 effects (i.e., time-locked to the fixation on the preceding word) [121]. Second,
because language processing takes time, the brain continues processing a word after the eyes
leave it. Therefore, we observe spillover effects of linguistic variables not only in the eye tracking
record [121,122] but also in the brain responses that persist across multiple fixations [7,123].
Even if neural measures and saccade behavior reflect distinct processing operations, any holistic
theory of reading must explain not only each measure independently but also the relationship
between them. Therefore, co-registration, especially using coupled analysis, is needed to provide
a base of empirical findings for such a model to explain.

To explain how saccade decisions can precede the neural effects (Figure 1, Key figure), saccades
must be triggered by an early lexical threshold, or a ‘hedged bet’ that the word will be identified
[20]. Such a mechanism is hypothesized in many models of eye movements in reading (e.g., the
‘familiarity check’ in E-Z Reader, the ‘t(active)’ stage of Uber Reader, and the ‘encoding’ stage of
EMMA [see [59]), although it has not been considered in prior theorizing about the timing discrep-
ancy between saccades and neural responses [10]. In contrast, the late language-related FRP
components reflect a more complete stage of recognition and semantic/syntactic analysis.
Importantly, the idea of a lexical threshold implies that readers only perform a rudimentary analysis
of features such as familiarity or alignment with orthographic predictions, based on information that
is accessible that early in time (e.g., within the first 100 ms of the fixation, or even during parafoveal
preview [124]). We specify orthographic predictions because complete semantic analysis takes
more time than is possible before the saccade decision must be initiated. Although parafoveal pre-
view may initiate word processing sooner, ERP evidence suggests that orthographic predictions
may drive pN400 effects [29], and neither preview nor predictability shifts the timing of semantic
analysis as reflected in ERPs/FRPs (Box 1). Because predictability affects both early saccade deci-
sions and later language-related FRPs, lexical thresholds are largely effective in the normal course
of reading—that is, incomplete lexical analysis based on orthographic predictions tends to be
accurate. In other words, saccades are based on only a partial stage of word recognition, but
because these early stages of processing are strongly correlated with eventual word recognition,
it can appear as though saccades are driven by word recognition. The idea of partial decoupling
of saccade decisions from word recognition is even part of models without a lexical threshold,
but that include an assumption that saccades can be nonlexically initiated by a ‘deadline’ when
lexical processing is difficult (e.g., Attention-Shift, SWIFT, Glenmore, and OB1-Reader) (see [59]).

This theory also predicts divergence between how a given condition affects early eye tracking
measures and FRPs (or even subsequent saccade behaviors). For example, when processing
seems easy on an initial analysis (i.e., satisfaction of orthographic predictions drives processing
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Schematic of fixation-related brain potential (FRP) responses across multiple fixations
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Figure 1. Expanding beyond early accounts of the relationship between fixation durations and the FRP responses inside them from Sereno and Rayner [10], we assert that
language-related neural processes (e.g., the parafoveally elicited pN400, and the foveally elicited frequency effect, preview positivity, N40O and P600) unfold across
multiple fixations (Panel A). Because of the short duration of fixations, saccade plans must be initiated by incomplete word recognition (i.e., a lexical threshold; Panel B
top), and few, if any, of the foveal effects are likely to occur early enough to impact those saccade decisions. This mechanism may explain why extant research has
found a lack of association between fixation durations and foveal FRP effects. The timing of the pN400 effect (elicited during fixation n-1) may occur early enough to relate
to fixation durations for the subsequent word (fixation n). However, the extent to which FRP effects are observed depends on the nature of the surrounding saccade deci-
sions. For example (Panel B bottom), the pN400 effect (which is sensitive to word predictability/plausibility, as well as the orthographic relatedness of the perceived word to
the expected word) is only observed when the subsequent word is skipped (because of an early triggering of the lexical threshold), but not when it is fixated. Together, these
findings suggest that language processes extend beyond the timing of saccade decisions, but their presence or magnitude are directly related to whether certain decisions

are executed.

toward the lexical threshold) but subsequently triggers reanalysis upon a more complete access
of semantic representations, we should observe diverging patterns whereby readers skip a
word and then subsequently produce a large N40O response. A strong test of this theory is an
orthographically related anomaly [43,103] because the parafoveally perceived representation
mostly matches orthographic predictions (in high-constraint sentences) but violates semantic
predictions or integrability upon further (foveal) scrutiny. There is a long ERP tradition of investigat-
ing orthographically, phonologically, and semantically related anomaly effects on the N400 and
P600 [125-127], suggesting that readers generate predictions at multiple levels of representa-
tion. Because the language-related ERPs are composed of multiple subcomponents [128], future
work is needed to determine whether and how these different subcomponents may be differen-
tially contingent on, or may modify, saccade behaviors.
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Concluding remarks

Co-registration has the potential to advance our holistic understanding of the neural and
behavioral processes involved in natural reading, but more work must be done (see
Outstanding questions). The field has made significant progress technologically, but theoretical
advancements have lagged behind because eye tracking and ERP researchers have self-
siloed, focusing on either FRP effects inside the fixation period or those that occur beyond that
time, but without considering their direct relationship to saccade behaviors. To move toward a
complete model of reading, we must embrace methods that directly assess the dynamic coupling
between brain activity and saccade behavior. Despite their separation in time, late neural lan-
guage responses are strongly dependent on earlier stages of partial word recognition that impact
saccade behavior, a pattern that explains why many of the same linguistic properties affect both
saccade decisions and ERP/FRP measures. With respect to the longstanding question of how
the eyes can be faster than the brain, we challenge the premise that this is a conundrum. The
eyes work in service of the brain in order to optimize reading. They provide perceptual input
from multiple locations (e.g., the fovea and parafovea) and move based on hedged bets that
the brain will be able to make sense of that perceptual input in time. This process is largely efficient
because the consequences of betting incorrectly are relatively minor. The brain can (and
frequently does, if necessary) signal the eyes to go back to reanalyze words to support compre-
hension [101,129]. Therefore, rather than viewing the eyes as being ‘faster’ than the brain, our
perspective sees saccades as an integral and strategic part of the brain’s language processing
system that predicts upcoming information and revises those predictions in the face of conflicting
perceptual input.
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Outstanding questions

To what degree is reading behavior
controlled by oculomotor strategies
based on visuospatial properties of
text versus cognitive and linguistic
analysis?

What implications does the lexical
threshold mechanism have for the
interpretation of early eye-movement
effects?

In what way does processing capacity/
nature differ across the visual field?

How does the process of anticipating a
word overlap with the process of
making sense of the word that was
perceived?

How is the capacity for parafoveal
processing contingent on the ease/
difficulty of foveal processing?

How much is component overlap
problematic for coregistration research?
To what degree does deconvolution
modeling solve such problems?

If the preview positivity and the
frequency effect have similar timings
and topographies in fixation-related
brain potentials, do they arise from
the same process? If the preview pos-
itivity and the reduction of the foveal
N400 arise under similar conditions
(e.g., valid preview), are they related
to the same latent process (despite
different morphology in the fixation-
related brain potential waveform)?

What aspects of language processing,
reflected in fixation-related brain
potentials, are contingent on which
saccade behaviors?

Can the lexical threshold mechanism
generalize to nonreading tasks that
also require eye movements
(e.g., visual search or scene percep-
tion)? Can it generalize to other modes
of language comprehension for which
eye movements are less critical
(e.g., speech listening or sign language
comprehension)?

Is the lexical threshold fixed, or does it
vary flexibly in response to differences
in reader characteristics (e.g., age,
reading skil) and reading goals
(e.g., reading for comprehension,
proofreading, and skimming)?
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