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A key assumption of current theories of natural reading is that fixation duration reflects underlying attentional,
language, and cognitive processes associated with text comprehension. The neurocognitive correlates of this re-
lationship are currently unknown. To investigate this relationship, we compared neural activation associated
with fixation duration in passage reading and a pseudo-reading control condition. The results showed that fixa-
tion duration was associated with activation in oculomotor and language areas during text reading. Fixation du-
ration during pseudo-reading, on the other hand, showed greater involvement of frontal control regions,
suggesting flexibility and task dependency of the eye movement network. Consistent with current models,
these results provide support for the hypothesis that fixation duration in reading reflects attentional engagement
and language processing. The results also demonstrate that fixation-related fMRI provides a method for investi-
gating the neurocognitive bases of natural reading.

© 2015 Elsevier Inc. All rights reserved.
Introduction

A fundamental characteristic of skilled reading is that it unfolds spa-
tiotemporally: the eyes move through text in a series of brief pauses
(fixations) and high-velocity movements (saccades) that take the eyes
from fixation to fixation (Henderson, 2013; Rayner, 1998, 2009). The
durations of individual fixations vary during reading, with this variabil-
ity providing a real-time reflection of ongoing cognitive and language
processing (Rayner, 2009). For this reason, fixation duration has served
as a primary source of evidence for testing theories of reading (Breen
and Clifton, 2011; Henderson, 2013; Rayner, 1998, 2009). Indeed, a
central focus of current computational models of skilled reading is to
account for the influence of text processing on fixation duration
(Engbert et al., 2005; Nuthmann and Henderson, 2012; Reichle et al.,
1998). Yet little is known about the neural processes that are associated
with fixation duration in reading (Henderson et al., 2014; Reichle and
Reingold, 2013).

Here we use fixation-related functional magnetic resonance imag-
ing, based on co-registered high-resolution eyetracking and fMRI, to
study neural activation tied to fixation duration during natural reading.
This method builds on the results of recent studies that have combined
eyetracking with fMRI using arrays of words or objects (e.g., faces and
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buildings) in sparse formats and simplified tasks (Hillen et al., 2013;
Marsman et al., 2012; Richlan et al., in press), a technique Marsman
et al. referred to as fixation-based event-related (FiBER) fMRI. In the
present fixation-related fMRI study, we build on our recent study of
neural correlates of fixation duration during scene perception
(Henderson and Choi, 2015), extending our investigation to natural
connected-text reading. Specifically, in the present study we used
fixation-related fMRI to examine the relationship between fixation
duration in reading and the BOLD signal. We analyzed individual fixa-
tions as events and divided BOLD activation into components related
to fixation onset and to fixation duration, our parametric variable of
interest. In a text-reading condition, subjects read text passages in the
scanner while their eye movements were recorded. We also included
a pseudo-reading control condition in which subjects moved their
eyes through pseudo-text that did not carrymeaning but that preserved
the spatial characteristics of the passages. Eye movements in pseudo-
reading are similar to those in normal text reading (Henderson and
Luke, 2014; Luke and Henderson, 2013; Nuthmann and Engbert, 2009;
Rayner and Fischer, 1996; Vitu et al., 1995). Pseudo-reading therefore
provides a condition for investigating reading-like eye movements
while controlling for processes associated with linguistic and semantic
analysis (Choi et al., 2014; Henderson et al., 2014; Hillen et al., 2013).
Eye movements and neural activation were simultaneously recorded
in both the natural text-reading and pseudo-reading conditions, and
fixation-related fMRI analysis was then based on individual fixations
identified in the eyetracking record.
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Table 1
Summary eye movement data. Global eye movement data for text-reading and pseudo-
reading averaged over subjects. Fixation duration=durations of all fixations; first fixation
duration=duration of the initial fixation on eachword; saccade amplitude= amplitudes
of all saccades; regression rate = percent regressive (backward) inter-word saccades;
skipping rate = percent of words passed over and fixated later or never fixated.

Eye movement measure Text-reading Pseudo-reading

Fixation duration (ms)⁎ 220 274
First fixation duration (ms)⁎ 223 276
Saccade amplitude (degrees)⁎ 2.54 2.46
Regression rate (percent) 12 11
Skipping rate (percent)⁎ 39 45

⁎ Indicates a significant difference between conditions (p b .05).
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Previous eyetracking studies have shown a tight link between cogni-
tive processes and fixation duration, with longer fixations associated
with greater attentional focus (Henderson and Ferreira, 1990;
Morrison, 1984; see Rayner, 2009) andmore effortful language process-
ing (Engbert et al., 2005; Nuthmann andHenderson, 2012; Reichle et al.,
1998). However, a direct association between fixation duration and the
cortical systems supporting attention and language processing during
reading has not been established. Based on current reading theories,
we hypothesized that fixation duration would be related to activation
in brain regions typically found to be associated with attention/
oculomotor control (e.g., frontal eye fields, supplementary eye fields,
and intraparietal sulcus) and with language and language processing
(e.g., medial and superior temporal gyri and superior temporal sulcus).
We also hypothesized that frontal regions associated with strategic
control of eye movements would likely be involved in pseudo-reading,
but less so in normal text reading which would be expected to draw
on more automatized eye movement control.

Materials and methods

Participants

Twenty-nine right-handed members of the University of South
Carolina community gave informed consent in accordance with the
University of South Carolina Institutional Review Board. All had normal
or corrected-to-normal vision and none reported reading disabilities.
Data from six subjects were eliminated because of excessivemovement,
lack of attention (closed eyes or lack of eyemovements), or poor quality
eyetracking data, leaving twenty-three subjects for analysis (mean age
27.5 years, range 19–42).

Materials

Text passages (40–61 words each) were articles taken from popular
online news sources, and were approximately at the 6th to 8th grade
reading levels. Word length averaged 4.96 characters (range 1–19
characters). Text passages were converted into pseudo-text using a
custom font in which each letter was replaced by a geometric shape
that preserved word location and word shapes but eliminated meaning
(Henderson and Luke, 2012; Henderson et al., 2013; Luke and
Henderson, 2013; Luke et al., 2013). Text and pseudo-text passages
were presented as multi-line paragraphs. Text content was rotated
through the conditions across participants. Both fonts were mono-
spaced, and all letters, words, and lines of text from a given passage
appeared in exactly the same locations across the two fonts.

Apparatus

Stimuli were presented using an Avotec Silent Vision 6011 projector
using its native resolution (1024 × 768) and a refresh rate of 60 Hz.
Passages were displayed in Courier New font with 4.76 characters
subtending 1° of visual angle. Eye-movements were recorded via an
SR Research Eyelink 1000 long-rangeMRI eyetracker (spatial resolution
of 0.01°) sampling at 1000 Hz. Viewing was binocular and eye-
movements were recorded from one eye.

Procedure

In each trial, text or pseudo-text appeared in paragraph form on the
display and subjects were instructed to read normally and silently for
comprehension in the text-reading condition and to move their eyes
through the pseudo-text “as if they were reading” in the pseudo-
reading condition. These instructions for the pseudo-reading task have
been used extensively in the eye movement literature. Each trial lasted
12 s, with an ITI of 6 s between each trial, and each run included 11 text-
reading and 11 pseudo-reading trials as well as 22 single-word
presentation filler trials. Each participant received two functional runs
and was therefore presented with 22 passages in each of the text-
reading and pseudo-reading conditions. Pseudo-text passages within
one run were based on text passages from the other run. Within each
run, passages were presented in a random order for each participant.
Each functional run lasted 15 min.

Eye-movement recording
Prior to each functional run, a nine-point calibration routine was

used to map eye position to screen coordinates. Successful calibration
required average error less than .49° and maximum error less than
.99°. A fixation cross was presented on the screen before each trial,
with the first word in the text appearing at that location.

Recording of fMRI
MR data were collected on a Siemens Medical Systems 3T Trio. A 3D

T1-weighted “MPRAGE” RF-spoiled rapidflash scan in the sagittal plane,
and a T2/PD-weighted multi-slice axial 2D dual Fast Turbo spin-echo
scan in the axial plane were used. The T1 scans had 1 mm3 resolution
and sufficient field of view to cover from the top of the head to the
neck. Anatomical reference images were acquired for 8 participants
with sagittal T1-weighted MPRAGE (TR = 2250 ms, TE = 4.18 ms, flip
angle = 9°), and for 17 people with multi-echo T1 (TR = 2530 ms,
TE1 = 1.74 ms, TE2 = 3.6 ms, TE3 = 5.46 ms, TE4 = 7.32 ms, flip
angle = 7°). For all participants, one volume of T2*-weighted, gradient
echo, echo-planar images (TR = 2.2 s, TE = 35 ms, flip angle = 90°,
NEX = 1) was collected. Volumes were composed of 36 axially-
oriented 3 mm slices with a 0.6 mm interslice gap, covering the whole
brain, with FOV = 192 mm and 64 × 64 matrix, resulting in
3 × 3 × 3.6 mm voxel dimensions.

Eye movement data processing
Eye-movement data were analyzed off-line to identify fixations and

saccades using DataViewer (SR Research Ltd, version 1.11.1). Saccade
detection used three thresholds: the eye had to move at least .1°, with
a velocity equal to or greater than 30°/s and with an acceleration of at
least 8000°/s2. Fixation was defined as a period of time between sac-
cades that was not part of a blink. Fixationswere removed from analysis
when they did not fall within a word region, or were immediately
preceded or followed by a blink. This resulted in the inclusion of
21,989 fixations in the text-reading condition and 17,601 fixations in
the pseudo-reading condition across all participants; on average each
participant contributed 1721 fixations across the two conditions. Basic
eye movement measures were examined to ensure that participants
were moving their eyes naturally during scanning and to confirm that
fixation duration was distributed in the expected manner as required
for fixation-related fMRI analysis (Table 1). Fixation duration showed
variability consistent with that typically observed in text-reading and
pseudo-reading studies using these materials outside the scanner
(Henderson and Luke, 2012; Henderson et al., 2013; Luke and
Henderson, 2013).



Table 2
Activation associated with fixation onset. Locations of peak activation are shown for each
cluster with significant activity (FWE corrected at alpha b 0.05). Multiple peaks required
separation by a minimum of 25 voxels. The volume of the cluster (μl), peak z-score,
Talairach coordinates, and anatomical structures are shown. L = left hemisphere, R =
right hemisphere.

Volume Max x y z Anatomical structure

Text-reading
76,275 6.349 1 −64 5 R/L lingual gyrus

6.078 4 31 44 R superior frontal gyrus
5.837 7 −52 47 R precuneus
4.936 28 49 23 R middle frontal sulcus
4.843 40 10 44 R middle frontal gyrus
4.808 31 −7 5 R putamen
4.607 31 19 −3 R insula
4.09 52 16 17 R inferior frontal gyrus, pars opercularis

22,086 5.351 55 −46 26 R angular gyrus
4.41 37 −73 23 R inferior parietal gyrus
4.19 52 −28 −6 R superior temporal sulcus

5022 4.544 −43 −52 23 L superior temporal sulcus
4293 4.831 −25 49 20 L middle frontal sulcus/gyrus

4.656 −37 22 35 L middle frontal gyrus
4077 5.001 −13 −73 29 L superior occipital gyrus
3780 5.027 −19 −1 59 L superior frontal gyrus, L frontal eye field
3456 4.882 −31 19 −3 L insula
2754 4.472 −19 −28 56 L precentral gyrus
2160 5.176 −10 −4 17 L caudate
2025 4.472 13 −13 20 R caudate
1647 4.644 −37 −76 26 L angular gyrus, L middle occipital gyrus
1539 3.739 −34 −13 17 L insula
1350 4.035 −31 −28 14 L lat fis-post
756 4.066 −58 −19 −3 L middle temporal gyrus, L superior

temporal gyrus

Pseudo-reading
89,370 6.103 −13 −73 32 L superior parietal gyrus, L superior

occipital gyrus
5.878 58 −46 23 R angular gyrus, R supramarginal gyrus
5.841 7 −55 47 R precuneus
5.329 −43 −52 38 L angular gyrus, L supramarginal gyrus
5.04 16 −61 23 R occipital–parietal sulcus, R precuneus
4.858 19 −4 59 R superior frontal gyrus, R frontal eye field
4.559 −37 −19 2 L insula
4.537 −61 −34 35 L supramarginal gyrus
4.426 1 −25 41 R/L middle posterior cingulate gyrus
3.694 7 4 38 R middle anterior cingulate G/S
3.682 37 −76 29 R middle occipital gyrus

11,448 4.799 4 28 29 R middle anterior cingulate gyrus/sulcus
8505 5.04 31 55 17 R middle frontal gyrus
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fMRI data processing
The AFNI software package (Cox, 1996) was used for image analysis.

Within-subject analysis involved slice timing correction, spatial co-
registration (Cox and Jesmanowicz, 1999) and registration of functional
images to the anatomy (Saad et al., 2009). Voxel-wisemultiple linear re-
gression was performed with the program 3dREMLfit, using reference
functions representing each condition convolved with a standard
hemodynamic response function. Reference functions representing the
six motion parameters were included as covariates of no interest. In
addition, the signal extracted from CSF was also included as noise
covariates of no interest. General linear tests were conducted to obtain
contrasts between conditions of interest.

A binary regressor coding the onset of each fixation was used to ex-
amine areas associated with fixation onsets. In addition, a continuous,
amplitude modulated (parametric) regressor coding the duration of
each fixation was used to examine areas whose BOLD response varied
with fixation duration. Thus, each fixation event was coded with two
regressors: one indicating the presence/absence of a fixation, and one
indicating the duration. Each TR contains multiple fixation events.
However, the cumulative effects of fixations within each TR vary
between TRs, due to differences in the number, duration, and intervals
between the fixations. We exploited this variation to extract activations
associated with high temporal resolution eye-movement parameters
from low temporal resolution fMRI data. The ideal hemodynamic
response resulting from these regressors was subsampled to match
the time resolution of EPI images.

The individual statistical maps and the anatomical scans were
projected into standard stereotaxic space (Talairach and Tournoux,
1988) and smoothedwith a Gaussianfilter of 5mmFWHM. In a random
effects analysis, group maps were created by comparing activations
against a constant value of 0. The group maps were thresholded
at voxelwise p b 0.01 and corrected for multiple comparisons by
removing clusters with below-threshold size to achieve a mapwise
corrected p b 0.05. Using the AFNI 3dClustSim program with 10,000
iterations, the cluster threshold was determined through Monte
Carlo simulations that estimate the chance probability of spatially
contiguous voxels exceeding a size threshold. The smoothness of the
data was estimated with the AFNI program 3dFWHMx using regression
residuals as input. The analysis was restricted to a mask that excluded
areas outside the brain, as well as deep white matter areas and the
ventricles.
4.803 25 34 41 R superior frontal sulcus
4806 5.938 25 −46 −6 R lingual gyrus
4374 4.869 −22 1 59 L superior frontal gyrus/sulcus,

L frontal eye field
4293 3.8 43 4 5 R inferior frontal gyrus, pars opercularis,

R insula
4023 4.742 −34 31 44 L middle frontal gyrus
2673 4.346 −22 −43 −6 L lingual gyrus
2079 4.421 −40 −76 14 L middle occipital gyrus
1593 4.191 28 −4 −3 R putamen
756 4.559 −31 19 −3 L insula
729 3.623 34 −25 20 L posterior lateral fissure
Co-registration of eyetracking and fMRI
The fMRI data and the eyetracking data were synchronized by

aligning the onset of the experiment with the onset of the functional
scan. Both the scanner time and the trial onset times from Experiment
Builder were recorded via a dedicated TCP/IP port to a third computer
running a data logger with a common clock that recorded scanner run
onsets, trial onsets, and eye movement events, making it possible to
identify individual fixation onsets and durations in MRI time.
Results

The analyses included a binary fixation onset regressor and a
continuous fixation duration regressor. The results of the onset
regressor were not of theoretical interest but are reported for complete-
ness. The results for the onset regressor are presented in Table 2 and
Fig. 1.

The variable of primary theoretical interest for the fixation-related
fMRI analysis was fixation duration. In a first step, we conducted
whole-brain analyses examining the associations between fMRI activa-
tion and fixation duration separately for the text-reading and pseudo-
reading conditions. The complete results of these analyses are presented
in Table 3 and Fig. 2.
Text reading

For text-reading, we observed positive correlations in visual areas
including bilateral calcarine sulcus, cuneus, and lingual gyrus, temporal
areas including left superior temporal gyrus and sulcus (STG/STS), and
frontal areas involving bilateral medial superior frontal gyrus (SFG) in-
cluding supplementary motor area (SMA) and the supplementary eye
fields (SEF), and left precentral gyrus extending to postcentral gyrus
(PoG) and tomiddle frontal gyrus (MFG). Text-reading produced nega-
tive correlations in lateral visual areas including bilateral middle occip-
ital gyrus (MOG) and right inferior occipital sulcus and gyrus extending



Fig. 1.Areas of activation significantly correlated (FWE corrected to alphab 0.05)with fixation onset during text-reading (panel A) andpseudo-reading (panel B) in awhole-brain analysis.
The maps are displayed using Caret (Van Essen et al., 2001) on an inflated cortical surface of a representative subject, with gyri shown as light gray and sulci shown as dark gray.
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to right inferior temporal gyrus, bilateral supramarginal gyrus (SMG),
and left anterior middle frontal gyrus and sulcus.

Pseudo reading

For pseudo-reading, positive correlations were observed in bilateral
angular gyrus, left precuneus, and bilateral medial SFG, a region over-
lapping with pre-SMA. Negative correlations were observed in bilateral
MOG, left anterior STG and middle STS, and right hippocampus.

Text reading vs. pseudo reading

Of primary theoretical interest, candidate areas for the control of
fixation duration by ongoing language and cognitive processes are
those that show greater correlations between fixation duration and
neural activity during text-reading than pseudo-reading (Table 3 and
panels C and D of Fig. 2). Greater positive correlations for text-reading
than pseudo-reading were observed in bilateral cuneus and lingual
gyrus; left temporal lobe areas along the length of STG/STS and MTG,
as well as the right middle STS; left precentral gyrus extending to PoG
and MFG; left medial SFG extending to right medial SFG and consistent
with SEF; and right cerebellum.

Greater negative correlations for text-reading over pseudo-reading
were observed in bilateral SMG,with left hemisphere activation extend-
ing to intraparietal sulcus (IPS); two regions of left MFG, onemore dor-
sal area in DLPFC and the othermore ventral/anterior region (consistent
with BA 10); and a homologous ventral/anterior region of right MFG.
Conjunction analysis of text reading and pseudo reading

A conjunction analysis of group activations for the text-reading and
the pseudo-reading fixation duration activationmaps was conducted to
investigate which regions produced activation correlated with fixation
duration in both conditions. As seen in Fig. 3, voxels in the right lingual
gyrus were positively correlated with fixation duration in both condi-
tions, such that longer fixation duration was associated with more acti-
vation in this area. In comparison, activation in bilateralmiddle occipital
and inferior temporal gyrus was negatively correlated with fixation
duration in both conditions, showing that longer fixation duration was
associated with less activation in these areas.
Discussion

When we read, our eyes fixate words for varying amounts of time.
Much of the variability in fixation duration is accounted for by atten-
tional and language processes associated with the text (Rayner, 1998,
2009). Current theories of reading therefore attempt to account for
the influence of attention and cognition on fixation duration (Engbert
et al., 2005; Nuthmann and Henderson, 2012; Reichle et al., 1998).
Yet almost nothing is known about the neurocognitive systems that
are related to fixation duration in reading. We addressed this topic
using fixation-related fMRI, which involves co-registering high-
resolution eyetrackingwith fMRI during natural tasks like scene percep-
tion (Henderson and Choi, 2015) and as used in the present study, in
natural reading. Comparison of natural reading with a pseudo-reading

Image of Fig. 1


Table 3
Activation associated with fixation duration. Locations of peak activation are shown for
each clusterwith significant activity. The volume of the cluster (μl), peak z-score, Talairach
coordinates, and anatomical structures are shown. L = left hemisphere, R = right
hemisphere.

Volume Max x y z Anatomical Structure

Text-reading
Positive correlation

17,145 4.339 −4 −67 8 L cuneus, calcarine sulcus, lingual gyrus
3.954 19 −55 2 R calcarine sulcus

L/R medial superior frontal gyrus
2268 3.845 −7 4 53 Supplementary eye field
1485 3.937 −55 −34 8 L superior temporal gyrus/sulcus
1458 4.017 −43 −1 44 L precentral gyrus

Negative correlation
6048 −4.133 46 −61 −6 R inferior temporal gyrus,

R inferior occipital gyrus/sulcus
2052 −4.279 −55 −31 23 L supramarginal gyrus
1350 −3.947 58 −31 23 R supramarginal gyrus
891 −3.764 −40 −64 2 L middle occipital gyrus
864 −3.928 −31 40 20 L middle frontal sulcus

Pseudo-reading
Positive correlation

2214 4.753 49 −58 41 R angular gyrus
2133 4.29 −52 −55 32 L angular gyrus
1701 4.147 4 28 47 R/L medial superior frontal gyrus
945 3.655 −13 −73 38 L precuneus
675 3.894 26 −59 −1 R lingual gyrus

Negative correlation
4968 −4.445 43 −67 −3 R middle occipital gyrus
3051 −4.275 −46 −58 5 L middle occipital gyrus
1836 −4.215 −55 −7 −3 L superior temporal gyrus/sulcus
837 −4.387 16 −16 −9 R hippocampus
783 −4.734 −49 10 −12 L superior temporal gyrus

Text-reading–pseudo-reading
Positive correlation

2619 4.697 −58 −7 −3 L superior temporal gyrus, sulcus,
L middle temporal gyrus

2376 3.954 −1 −70 5 L/R lingual gyrus, L/R cuneus
1782 3.922 −61 −31 5 L superior temporal gyrus
1782 3.632 −46 −13 44 L precentral gyrus
1458 4.625 −4 7 53 L medial superior frontal gyrus,

supplementary eye field
1215 3.849 52 −7 −6 R superior temporal sulcus
891 4.22 −58 −46 14 L superior temporal gyrus
864 3.839 16 −52 −3 R lingual gyrus
675 3.769 13 −67 −24 R cerebellum

Negative correlation
4293 −4.607 −52 −52 32 L supramarginal gyrus, intraparietal sulcus
1242 −3.797 −34 49 8 L middle frontal gyrus
999 −3.734 55 −31 23 R supramarginal gyrus
999 −4.76 −34 22 41 L middle frontal gyrus
891 −4.124 46 49 5 R middle frontal gyrus
891 −3.678 −10 −70 50 L precuneus
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control condition allowed us to isolate cortical regions in which the as-
sociation between fixation duration and fMRI activation was stronger
for reading than pseudo-reading, providing a method for investigating
the neural correlates of eye movements in natural reading. Using this
method, we found regions of the dorsal attention and eye movement
network and the ventral language network that were uniquely associat-
ed with fixation duration in natural reading.

Greater positive correlations for text-reading than pseudo-reading
were observed in several areas associated with visual and attentional
processing. Greater positive correlations in striate and peristriate re-
gions reflected increased visual analysis of word-forms. Greater positive
correlation was also clear in medial SFG in a region consistent with SEF
and SMA. SEF is an attentional and eye movement control area typically
found to be involved in single-step oculomotor tasks (Grosbras et al.,
2005; Pierrot-Deseilligny et al., 2004; Ptak and Müri, 2013). The
observed SEF activation is interesting when contrasted with the lack
of activation in another traditional eye movement area, FEF, in any of
the fixation duration analyses (text-reading alone, pseudo-reading
alone, or the contrast of these conditions). The lack of FEF activation in
the duration-modulated analysis contrasts with the FEF-consistent acti-
vation observed bilaterally for fixation onset (Table 2 and Fig. 1), aswell
aswith recent FEF activation observed in separate (not fixation-related)
study of active natural reading and scene viewing (Choi and Henderson,
2015). It appears that activity in FEF is not directly related tomodulation
of fixation duration in reading. In comparison, SEF activation was relat-
ed tofixation duration in text-reading alone and in the text-reading ver-
sus pseudo-reading contrast, but not in pseudo-reading alone. Given
that fixation duration is related to lexical and language processing in
reading, these results suggest that SEF may be involved in the interface
between cognitive systems supporting text comprehension and eye
movement control. As such, SEF seems to be an important component
of the control network postulated by computational models of eye
movement control in reading such as E-Z Reader, SWIFT, and CRISP
that seek to account for fixation duration.

This profile of SEF fits well with the role of SMA in organizing com-
plex, especially self-initiated, movement sequences. Interestingly, SEF
and surrounding SMA activation was correlated with fixation duration
during text-reading but not pseudo-reading, even though the character-
istics of the movements were similar. In contrast, pre-SMA activation
was correlated with fixation duration in pseudo-reading rather than
text-reading. The latter finding is consistent with the role of pre-SMA
in altering movement plans or learning new sequences requiring more
conscious control (Nachev et al., 2008), because pseudo-reading re-
quires consciously controlling eye movements to simulate reading.
These results indicate that in addition to the physical characteristics of
the eye moments, the context (e.g., stimulus and task) in which they
are made is relevant in their control. For this reason, commonly used
tasks such as anti-saccade may not provide a complete picture of the
neural basis of eye movements in more natural tasks such as reading.
Clearly, this is an area requiring further investigation.

Greater negative correlations for text-reading than pseudo-reading
were observed in a number of regions associated with attention and
eye movement control. A negative correlation between fMRI activation
and saccadic reaction time has previously been reported for pro- and
anti-saccade tasks (Connolly et al., 2005). In our study, several parietal
regions showed negative correlations, including SMG bilaterally and
more extensive left hemisphere PPC and IPS. Bilateral PPC activation is
often observed in eye movement tasks and is related to visual attention
and eye movement control (Grosbras et al., 2005; Pierrot-Deseilligny
et al., 2004). IPS projects to superior colliculus (Johnston and Everling,
2011; Paré and Dorris, 2011; Schall, 2009), which is involved in both
fixation maintenance and saccade execution (Wurtz and Mohler,
1976;Munoz andWurtz, 1992). These regions therefore seemwell suit-
ed as components of a network controlling the duration of fixations in
reading. Activation correlated with fixation duration in left SMG is con-
sistentwith lexical control of fixation duration (Hartwigsen et al., 2010;
Stoeckel et al., 2009), as proposed by E-Z Reader (Reichle et al., 1998,
2003). Right parietal lobe is typically associated with visual–spatial
attention, and the dorsal inferior parietal lobule adjacent to IPS is in-
volved in oculomotor and attentional control. Current computational
theories of reading propose that covert visual–spatial attention plays
an important role in eyemovement control, with a shift of covert atten-
tion serving as a triggering event for eye movement programming
(Reichle, 2011). Greater activation may be associated with a faster
shift of covert spatial attention, leading to earlier saccades and therefore
shorter fixation durations.

In the direct comparison of text- vs. pseudo-reading, greater correla-
tion of activation and fixation duration for pseudo-reading was
observed in the DLPFC. This difference was driven by a negatively
trending correlation for text-reading, and a positively trending correla-
tion for pseudo-reading. DLPFC is often considered part of the eye
movement control network because it is typically activated during ocu-
lomotor tasks that involve cognitive control, including memory-guided



Fig. 2. Areas of activation significantly correlated with fixation duration during text-reading (panel A), pseudo-reading (panel B), and text-reading N pseudo-reading (panels C and D) in
whole-brain analyses. Panel D displays slices at Talairach x = −44 and −51. Hot regions show positive correlation and cool regions show negative correlation.
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saccades and anti-saccades (Johnston and Everling, 2011; Müri and
Nyffeler, 2008; Pierrot-Deseilligny et al., 2004). It is also generally asso-
ciated with executive control and working memory functions (Duncan
andOwen, 2000).We suggest thatDLPFC activity increaseswithfixation
duration in pseudo-reading to a greater extent than text-reading be-
cause pseudo-reading involves more strategic or cognitively controlled

Image of Fig. 2


Fig. 3. Areas of activation significantly correlated with fixation duration during both text-
reading and pseudo-reading in a conjunction analysis. The slices show the axial viewof ac-
tivation at Talairach Z= 0 (left panel) and Z=−8 (right panel). Cool regions (left panel)
show negative correlation and hot regions (right panel) show positive correlation.
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eye movements, compared to the automatized movements typical of
natural reading. DLPFC projects to pre-SMA, but not to SMA (Lu et al.,
1994; Luppino et al., 1993; Wang et al., 2005), and in conjunction
with pre-SMA, likely implements controlled eye movements. Again,
this finding suggests that the involvement of different components of
the eyemovement network ismodulated by task context. In the present
study we observed left but not right DLPFC activation, perhaps due to
the fact that the majority of eye movements in reading and pseudo-
reading (about 90% overall in the present study) are left-to-right
movements.

Bilateral anterior MFG (BA 10) activation was correlated negatively
with fixation duration in natural reading, but not in pseudo-reading.
This region is associated with multi-tasking or ‘cognitive branching’
(Koechlin and Hyafil, 2007; Ramnani and Owen, 2004). Words with
shorter fixation duration may engage greater parallel processing, as
text processing and planning of eye movements occur concurrently.
Such concurrent processing is not required for pseudo-reading, since
the stimuli do not require language processing.

In addition to effects in the attention and eye movement network,
there was also clear evidence for a positive relationship between fixa-
tion duration and activation in language areas during reading of text.
We observed greater activation associatedwith fixation duration during
reading than pseudo-reading along the length of left STS/STG andMTG.
Positive correlations were also observed for text but not pseudo-text in
the more posterior regions of STG, STS, and MTG. Association of these
regions with language processing, including phonological, semantic,
syntactic, and orthographic processing is well established (Binder
et al., 1997, 2009; Friederici, 2012; Graves et al., 2010; Price, 2010,
2012; Turkeltaub et al., 2002; Vigneau et al., 2006). As fixations increase
in duration, phonological, lexical, and combinatorial semantic and
syntactic processes begin to come online. The positive correlation in
the precentral gyrus for text- but not pseudo-reading likely reflects
increased phonological processing. This area is commonly activated in
language studies with written pronounceable stimuli that overtly or
covertly generate output phonology (Binder et al., 1997; Price, 2012).
These results are consistent with the common finding that lexical and
higher order language processes control fixation duration in text
(Rayner, 2009; Reichle et al., 1998, 2003), including lexical and supra-
segmental phonology (Breen and Clifton, 2011; Henderson et al.,
1995; Pollatsek et al., 1992). Stronger correlations of fixation duration
and activation were seen in the contrast of text- versus pseudo-
reading driven partly by negative correlations in the pseudo-reading
condition, especially in the left anterior STG. Because ‘rest’ is a highly
active condition inwhich linguistic-semantic processes are likely active,
we hypothesize that fixating meaningless symbols longer during
pseudo-reading causes down-regulation of these processes, resulting
in negative correlation in this region. We note that in the present
study, differential patterns of results for text-reading and pseudo-
reading are potentially due to a number of different factors at the lexical,
sentential, and discourse levels of representation that cannot be dissoci-
ate in the present study, and that will be important to investigate in
future work.

In summary, we have demonstrated that fixation duration in natural
reading is correlated with activity in cortical structures associated with
attention, oculomotor control, and language processing. These results
support the hypothesis that fixation duration in reading reflects ongo-
ing cognitive processes associated with text understanding, and with
the interface of language processing, attentional systems, and eye
movement control, consistent with current computational models of
reading (Engbert et al., 2005; Nuthmann and Henderson, 2012;
Reichle et al., 1998). The results also suggest that the engagement of
the eye movement network is flexible and task dependent. Finally, the
results demonstrate that fixation-related fMRI provides a novel source
of evidence for constraining theories of reading and for grounding
these theories in neurobiology. This study sets the stage for using
fixation-related fMRI to investigate a host of theoretical issues related
to the neuro-cognition of natural reading as well as reading disabilities
and deficits.
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