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Humans have two, frontally placed eyes and during reading oculomotor and sensory processes are
needed to combine the two inputs into a unified percept of the text. Generally, slight vergence errors,
i.e., fixation disparities, occur but do not cause double vision since disparate retinal inputs fall into
Panum’s fusional area, that is, a range of disparity wherein sensory fusion of the two retinal images is
achieved. In this study, we report benchmark data with respect to the mean magnitude and range of ver-
tical compared to horizontal fixation disparities for natural reading. Our data clearly fit to an elliptical
pattern of Panum’s fusional area that corresponds with theoretical estimates. Furthermore, when we
examined disparity-driven vergence adjustments during fixations by comparing monocular with binocu-
lar reading conditions, we found that only horizontal fixation disparities increased significantly under
conditions of monocular stimulation. Also, no significant vertical fine-tuning (vergence adjustment)
was observed for vergence eye movements during reading fixations. Thus, horizontal and vertical fixation
disparities and vergence adjustments during reading showed quite different characteristics, and this
dissociation is directly related to the functional role of vergence adjustments: vertical fusion – and
vertical vergence – subserve the maintenance of a single percept and stereopsis by keeping the eyes in
register and allowing for horizontal fusional processes to successfully operate over a vertically aligned
input. A reliable and stable vertical alignment is, thus, a pre-requisite over which horizontal fusional
responses (and depth perception) can work most efficiently – even in a task like reading.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Humans have frontally placed eyes and when reading text on a
screen or in a book, we typically make use of both of our eyes
which constantly perform yoked, rapid eye-movements. Between
these saccades the eyes pause and fixate selected information for
approximately 200–300 ms (Rayner, 1998; Rayner, 2009). During
fixations in reading, additional fine-grained oculomotor adjust-
ments are made via vergence movements that serve to maximize
correspondence in retinal activation between the two eyes
(Blythe, Liversedge, & Findlay, 2010; Blythe et al., 2006; Jainta
et al., 2010; Jainta & Jaschinski, 2012; Liversedge, Rayner, et al.,
2006; Liversedge, White, et al., 2006), even though slight vergence
errors (i.e. fixation disparities) are typically observed at the end of
reading fixations (for review, see Kirkby, Webster, Blythe and
Liversedge (2008)). These vergence eye movements are part of
the binocular fusion process and are thought to be a pre-requisite
for subsequent sensory fusion and even later stages of visual and
cognitive processing (Howard & Rogers, 2002; Jainta, Blythe, &
Liversedge, 2014; Schor & Ciuffreda, 1983; Steinman, Steinman, &
Garzia, 2000). Research investigating binocular coordination dur-
ing reading has primarily focused on horizontal aspects of binocu-
lar fusion (Blythe, Liversedge, & Findlay, 2010; Blythe et al., 2006;
Jainta, Blythe, & Liversedge, 2014; Jainta et al., 2010; Jainta &
Jaschinski, 2012; Liversedge, Rayner, et al., 2006; Liversedge,
White, et al., 2006; Nuthmann & Kliegl, 2009; Vernet & Kapoula,
2009), since reading requires predominantly horizontal saccades.
Note that while Nuthmann and Kliegl (2009) did report a vertical
misalignment of the two eyes, to date no studies have systemati-
cally investigated vertical motor fusion in reading.

Aspects of horizontal binocular fusion have been shown to be
critical for lexical processing. Blythe, Liversedge, and Findlay
(2010) showed that lexical decisions were slowed down when
horizontal disparities were introduced for target word pre-
sentations. In addition, lexical identification was less efficient
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when sentences were read monocularly, that is, when no binocular
input was provided at all (Jainta, Blythe, & Liversedge, 2014). In
this context, a precise examination of vertical fixation disparities
and possible vertical vergence drifts in natural sentence reading
is timely. It is important to better understand aspects of the fusion
process in relation to binocular vision since it is necessary for effi-
cient delivery of visual information required for reading.

Generally, vergence eye movements occur as horizontal, verti-
cal or cyclovergence (the latter will not be addressed in the present
study). Existing studies in non-reading tasks indicate that horizon-
tal and vertical vergence contributions to fusion show substantial
differences (Leigh & Zee, 2006; Schor & Ciuffreda, 1983;
Steinman, Steinman, & Garzia, 2000): horizontal vergence reacts
to horizontal disparity of the object to be foveated and thus
changes fixations from one depth plane to another, allowing for
some degree of voluntary control. Vertical vergence reacts to verti-
cal misalignments of the image of one eye relative to the other eye
without any voluntary control and is not specifically related to
localized disparities of foveal inputs or viewing distances
(Howard, 2012).

After the initial motoric component of fusion, sensory fusion of
the two inputs (one from each eye) occurs, and this can take place
over a range of fixation disparities. These remaining misalignments
of the eyes are small and do not lead to double vision (Howard &
Rogers, 2002) as they fall within Panum’s fusional area. Panum’s
fusional area is a range of disparities within which sensory fusion
of the two patterns of retinal stimulation can be achieved even
though there is not exact and direct correspondence (Ogle, 1954).
In non-reading tasks, Panum’s fusional area is suggested to be
elliptical, such that it is broader in the horizontal than in the ver-
tical dimension. The width of this ellipsis is dependent on the
shape of the stimulus under fixation, its contrast, luminance gradi-
ent, and spatial and temporal frequency structure, among other
characteristics (Leigh & Zee, 2006; Ogle & Prangen, 1953; Schor &
Ciuffreda, 1983; Schor, Heckmann, & Tyler, 1989; Schor & Tyler,
1980; Schor, Wood, & Ogawa, 1984; Steinman, Steinman, &
Garzia, 2000). Given the elliptical nature of Panum’s fusional area,
it is unsurprising that the area over which disparity is observed
during fixations is also, correspondingly, elliptical, thus, it has been
widely argued that humans have a much reduced vertical fixation
disparity range relative to their horizontal range and this has been
suggested to impact on the extent to which fusion is achieved.
Against this background, it is somewhat surprising that
Nuthmann and Kliegl (2009) reported vertical disparities that were
very comparable to horizontal disparities in reading. Estimated
from their graphical representation of horizontal and vertical dis-
parity at the end of fixation (see Fig. 3a; page 7), vertical fixation
disparities ranged from �1� to 1� (i.e., a range of 2�), with the
majority found between �0.4� and 0.2�, and similarly, horizontal
fixation disparities ranged between �1.5� and 0.5� (i.e., a range
of 2�), with a majority of crossed fixations ranging between �0.5�
and 0.1�. Thus, although the data were linearly translated, the mag-
nitude and variability of the horizontal and vertical disparities
were extremely similar. It is important to mention that
Nuthmann and Kliegl’s findings regarding fixation disparity were
purely descriptive and they made no claims as to the extent of
any vertical vergence adjustments during fixations.

Given this theoretical background, the present study had two
aims. First, we set out to undertake a precise examination of verti-
cal fixation disparities and possible vertical vergence adjustments
in natural sentence reading. It may be the case that the vertical
fixation disparities show a range almost as broad as that for the
horizontal fixation disparities, as reported by Nuthmann and
Kliegl (2009). If such a pattern was to occur, then it would be
important to consider which aspects of reading processes might
cause such disparities, especially since no vertical misalignment
is typically introduced by horizontal saccades made during read-
ing. Vertical misalignments, at least potentially, might impact
upon horizontal vergence control (Howard, 2012; Schor &
Ciuffreda, 1983) which itself is known to affect the efficiency of
lexical processing (Blythe, Liversedge, & Findlay, 2010; Jainta,
Blythe, & Liversedge, 2014). Alternatively, we may obtain an asym-
metric, elliptical, pattern of fixation disparity reflecting a greater
range of horizontal than vertical fixation disparities consistent
with patterns reported in non-reading studies (Howard, 2012;
Schor & Ciuffreda, 1983; Steinman, Steinman, & Garzia, 2000). If
this pattern of effects is observed, it will allow us to precisely quan-
tify vertical fixation disparities that typically occur relative to hori-
zontal fixation disparities during reading.

Second, we set out to examine vertical vergence adjustments
that occur during normal reading in experimental conditions that
do not offer the possibility of binocular motoric and sensory fusion.
To achieve this we included a monocular reading condition,
thereby eliminating disparity-driven vergence adjustments (see
Fig. 1; Howard and Rogers (2002), Leigh and Zee (2006), Schor
and Ciuffreda (1983), Steinman, Steinman, and Garzia (2000)). In
reading, and more generally, horizontal saccades inherit a dis-
conjugacy (a transient vergence eye movement) that is due to a dif-
ference in the horizontal movements of the two eyes (Collewijn,
Erkelens, & Steinman, 1988; Collewijn, Erkelens, & Steinman,
1995; Collewijn, Erkelens, & Steinman, 1997; Heller & Radach,
1998; Yang & Kapoula, 2003). This horizontal saccade disconjugacy
is usually divergent, and is followed by a compensatory horizontal
(typically convergent) vergence movement during the subsequent
fixation (Blythe et al., 2006; Jainta & Jaschinski, 2012; Jainta et al.,
2010; Nuthmann & Kliegl, 2009; Vernet & Kapoula, 2009).
Monocular reading represents an optimal experimental situation
for examining vergence adjustments that occur in the absence of
any disparity manipulation within the stimulus itself. It has been
previously shown that the coupling of the two eyes during sac-
cades becomes weaker in monocular reading; more importantly,
and regarding vergence eye movements, horizontal fixation dis-
parities increase and horizontal vergence adjustments decrease
(Jainta & Jaschinski, 2012). Thus, even though some coordination
of the eyes may have been passively restored in the early phases
of each fixation (Jainta et al., 2010; Leigh & Zee, 2006; Vernet &
Kapoula, 2009), overall horizontal vergence adjustments seem to
be disparity-driven in binocular reading and absent in monocular
reading (Jainta & Jaschinski, 2012). To date, nothing is known about
vertical vergence adjustments in monocular reading. If vertical
fusional responses share functional characteristics with horizontal
fusional responses, as indicated by Nuthmann and Kliegl (2009),
and thus, show disparity driven properties, we would accordingly
expect larger vertical fixation disparities and reduced vergence
adjustment in monocular reading compared to binocular reading.
Again, if such a pattern occurs, it will be necessary to consider
which aspects of reading processes might cause such deviations
compared to the patterns of effects found in non-reading tasks.
2. Methods

2.1. Participants

The 16 participants were adults aged 18–32 years with good
visual acuity in each eye (better than 0.8 in decimal units).
Stereo acuity was assessed using the TNO random dot test and ran-
ged from 40 arc s for most participants to 80 arc s for one partici-
pant. No participant wore glasses during the experiment and
only two wore their prescribed contact lenses. Eye dominance
was assessed using a sighting dominance test (all participants we
tested were right eye dominant). Three participants were excluded



Fig. 1. In the present study we directly manipulated the visual input: we presented sentences binocularly (A) and monocularly (B), while right and left eye movements were
measured – as indicated by the black and dotted arrows, while stars mark fixations. In (C) both eye movement traces (red: right eye; blue: left eye) are plotted over time,
while the eyes make saccadic movements and fixations (mainly) from left to right across the sentence; the numbers indicate the fixation durations (ms). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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from the analyses due to poor vertical calibrations or left eye domi-
nance (our monocular stimuli were presented exclusively to the
right, dominant, eye). All participants were native English speakers
and reported no prior-known reading difficulties. Each participant
gave informed consent before the experiment; this research fol-
lowed the tenets of the declaration of Helsinki and was approved
by an internal ethics committee. Selected subsets of the full set
of data were analyzed and reported elsewhere in relation to hori-
zontal fixation disparity and lexical processing during reading
(Jainta, Blythe, & Liversedge, 2014).

2.2. Apparatus, stimuli and procedure

Generally, fixation disparities are small and since vertical fixa-
tion disparities are typically reported to be even smaller in magni-
tude than horizontal disparities, a number of special
methodological precautions were taken. Because high-precision
measurements of vertical eye positions were needed binocular
eye movements were recorded with two Dual Purkinje Image eye
trackers (sampling rate 1000 Hz; spatial resolution < 1 min arc
(Deubel & Bridgeman, 1995)); data collection was conducted using
in-house software. During the experiment participants leaned
against a cushioned forehead rest and bit on a wax dental mould
to minimize head movements. We undertook monocular calibra-
tions (Jainta et al., 2010; Liversedge, White, et al., 2006). Every trial
(i.e., presentation of a single sentence) started with a calibration of
the eye trackers in which the left and right eyes were calibrated
independently in turn (i.e., during calibration of the right eye, the
left eye was occluded and vice versa). The participant was
instructed to look at each of nine points in a 3 � 3 grid, with hori-
zontal separations of 10� (relative to screen center) and vertical
separations of 1� (relative to screen center). When participants fix-
ated a calibration target for about half a second, a marker was set
and data was averaged across a window of 20 ms (±10 ms to
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marker onset). A full calibration run was then followed by a val-
idation stage in which the accuracy of the calibration was checked
by examining the error in the estimated fixation (needed to be less
then 0.06�), and all nine points were re-calibrated if necessary.

Once both eyes had been calibrated successfully, a fixation cross
appeared on the left side of the screen for 1000 ms, directly fol-
lowed by the sentence presentation, Participants were instructed
to read the sentence silently for comprehension. When they fin-
ished reading each sentence, they pressed a button to terminate
the display; a cross then appeared on the right side of the screen
for 1000 ms that was followed either by the initiation of a new
trial, or a yes/no comprehension question (presented after 25% of
experimental trials). All answers to the questions were made via
button presses.

In total, each participant read 48 English sentences. Sentences
were 10 to 15 words long (total length: 57 to 72 characters) and
were presented in red on a black background thereby minimizing
cross-talk, i.e. remaining ‘‘shadows’’ of the text still visible in the
occluded display (Jaschinski, Jainta, & Schurer, 2006). We used
Courier New font size 12, with no antialiasing. Monocular pre-
sentations were achieved through use of CRS FE1 shutter goggles
(http://www.crsltd.com/) that block visual input to each eye alter-
nately every 8.33 ms (corresponding to a 120 Hz refresh rate).
These were interfaced with a Pentium 4 computer and a Philips
21B582BH 2100 CRT monitor (http://www.Philips.com) on which
the sentences were displayed with a refresh rate of 120 Hz.
Viewing distance was set to 70 cm and each letter extended
0.25� of horizontal visual angle and 0.3� of vertical visual angle.
2.3. Analyses

Custom-designed software was used for the data analyses.
Firstly, horizontal eye movements were analyzed and saccades
and fixations were manually identified in order to avoid contam-
ination by dynamic overshoots (Deubel & Bridgeman, 1995) or
artefacts due to blinks. From the separate signals of the two eyes,
we then calculated the horizontal and vertical conjugate eye com-
ponent [(left eye + right eye)/2; i.e., the version signal] and the
horizontal and vertical disconjugate eye component (left eye–right
eye; i.e., the vergence signal). Fixations shorter than 80 ms or
longer than 1200 ms were excluded (Liversedge, White, et al.,
2006). Several parameters of binocular coordination for each fixa-
tion period were calculated. (1) Horizontal fixation disparity at the
start and end of fixation. Consistent with previous reports (Blythe
et al., 2006; Blythe, Liversedge, & Findlay, 2010; Jainta & Jaschinski,
2012; Jainta, et al., 2010; Liversedge, Rayner, et al., 2006;
Liversedge, White, et al., 2006), in our calculations a value of 0
represents alignment of the two eyes at the depth of the screen.
Positive values represent crossed fixations where the left point of
fixation is to the right of the right point of fixation (sometimes
referred to as eso-fixation disparity) and the two visual axes cross
in front of the screen. Negative values represent uncrossed fixa-
tions where the left point of fixation is to the left of the right point
of fixation (sometimes referred to as exo-fixation disparity) and
the two visual axes cross behind the screen. (2) Vertical fixation
disparity at the start and end of fixation was also calculated. In this
case a value of 0 represents alignment of the two eyes at eye
height; positive values represent a higher left eye relative to the
right eye (left hyper vertical fixation disparity) and negative values
represent a higher right eye relative to the left eye (right hyper ver-
tical fixation disparity; Schor and Ciuffreda (1983)). (3) We also
calculated the horizontal and vertical vergence adjustment
(Jainta et al., 2010; Liversedge, White, et al., 2006; Nuthmann &
Kliegl, 2009; Vernet & Kapoula, 2009), which is the change in fixa-
tion disparity between the beginning and the end of the fixation
period. (4) Finally, we measured the net change in each eye’s posi-
tion between the start and end of each fixation, calculated for each
eye independently, and thus representing the contribution to the
overall vergence adjustment made by each eye.

For data analyses, we used linear mixed-effects models (lmer
from package lme4 (Pinheiro & Bates, 2000) in R-Development-
Core-Team (2008)). p-Values were estimated using posterior dis-
tributions for the model parameters obtained by Markov Chain
Monte Carlo sampling, which includes a typical sample size of
10,000 (Baayen, Davidson, & Bates, 2008). The model was applied
to the non-aggregated data extracted for each fixation and
participants and sentences were treated as random effects while
reading condition (monocular versus binocular), time during fixa-
tion (start versus end of fixation) and eye movement dimension
(horizontal versus vertical) were treated as fixed effects in separate
analyses.
3. Results

When sentences were presented binocularly, participants took
about 2 s to read them: mean sentence reading time was
2205 ms (±492); on average, readers made 8.3 fixations (±1.7)
per sentence; and mean saccade amplitude was 7.7 character
spaces (±1.5, or 1.9� ±0.4). Mean first fixation time was 267 ms
(±39).

We first considered the horizontal and vertical fixation dispar-
ity data for all of the fixations participants made as they read the
sentences. These data are presented in Fig. 2.

Two aspects of these graphs are immediately striking. First, dis-
parity is reduced at the end compared with the beginning of fixa-
tion (i.e. the ellipsis ‘‘shrinks’’ when Fig. 2B is compared to Fig. 2A),
and this is particularly prominent in the horizontal dimension. This
finding is consistent with data from a number of previous studies
(Blythe et al., 2006; Jainta et al., 2010; Liversedge, Rayner, et al.,
2006; Liversedge, White, et al., 2006; Nuthmann & Kliegl, 2009;
Vernet & Kapoula, 2009). Second, while the full data set is quite
noisy – there are quite a number of fixations that represent outly-
ing disparities of substantial magnitude – it is very clearly the case
that the majority of the data take the form of a clear elliptical dis-
tribution rather than a circular distribution. Thus, on the basis of
the complete data set, our results suggest that the vertical compo-
nent of fixation disparity during fixations is substantially reduced
relative to the horizontal component, a finding that is consistent
with results from the non-reading literature (Howard, 2012;
Howard & Rogers, 2002; Schor & Ciuffreda, 1983; Steinman,
Steinman, & Garzia, 2000). It is noteworthy that the pattern of
effects is somewhat different to that reported by Nuthmann and
Kliegl (2009). We will consider the difference in the patterns of
data further in the Discussion. However, as already noted, the com-
plete data set is somewhat noisy, and for this reason, we decided to
focus our formal analyses on a subset of the total data set that were
guaranteed to be the very best quality data, that is, those data that
are the most veridical measurements of where the eyes were fix-
ated within the course of the experiment. Recall that during our
experiment we undertook monocular calibrations, after which we
checked calibration accuracy, and then we recalibrated where
necessary in the remainder of the experiment. Given this proce-
dure, it stands to reason that the trials that immediately followed
a full calibration and validation procedure were those during
which we acquired the most veridical fixation location indices.
For this reason, and since we wanted to obtain a very accurate
index of the range of vertical (and horizontal) disparity that occurs
in fixations during reading, in our formal statistical analyses we
considered only fixations from trials that immediately followed a
calibration and validation procedure.

http://www.crsltd.com/
http://www.Philips.com


Fig. 2. Vertical fixation disparities (�) as a function of horizontal fixation disparity (�) – (panels A and B) for the beginning of binocular reading fixations and (panels C and D)
for the end of binocular reading fixations. In the left panels the same data is visualized using contour plots while in the panels on the right, the colours code the number of
fixations. It is clearly the case that both fixation disparity distributions (for the start and the end of fixation periods, i.e. upper and lower panels, respectively) resemble an
elliptical pattern. Note that each letter extended 0.25� of horizontal visual angle and 0.3� of vertical visual angle. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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3.1. Fixation disparities and vergence adjustments in binocular reading

Based on the most accurate subset of our data, for natural
binocular reading, the mean horizontal fixation disparity at the
beginning of fixations was �0.18�, and was significantly larger in
magnitude than fixation disparities found at the end of fixations,
which amounted to �0.08� (b = 0.10, SE = 0.03, p < 0.01); in both
cases, disparity was predominantly uncrossed. These data were,
therefore, consistent with the literature on binocular coordination
during sentence reading (Blythe, Liversedge, & Findlay, 2010;
Blythe et al., 2006; Jainta et al., 2010; Jainta, Blythe, &
Liversedge, 2014; Jainta & Jaschinski, 2012; Liversedge, Rayner,
et al., 2006; Liversedge, White, et al., 2006; Nuthmann & Kliegl,
2009; Vernet & Kapoula, 2009). The mean vertical fixation dispar-
ity at the beginning of a fixation was 0.05�, and there was no sig-
nificant difference between disparity at the beginning and the
end of fixations (0.04�; b = �0.01, SE = 0.01, p = 0.36); moreover,
horizontal fixation disparities at the end of fixation periods were
significantly greater than vertical fixation disparities (b = 0.11,
SE = 0.02, p < 0.01; see Table 1). This finding is very consistent with
the pattern we observed for the overall data set. Fig. 3 shows plots
of vertical and horizontal fixation disparities observed at the begin-
ning (Fig. 3a) and end of fixations (Fig. 3b). Again, these plots
clearly show a data pattern resembling an ellipse, with a greater
range of horizontal than vertical disparities (consistent with esti-
mates of fixation disparity distributions from non-reading studies).
We also divided the data set into 13 sub-samples, one for each par-
ticipant. Calculating individual means and standard deviations for
horizontal and vertical fixation disparities revealed only small
inter-individual variation as shown in Fig. 4. Moreover, when
individual means were plotted with standard deviations in order
to show fixation disparity ranges, an elliptic pattern was observed
for most participants. In addition, the corresponding distributions
of the horizontal and vertical fixation disparities at the end of
fixations were plotted for the pooled data set (see Fig. 5). These
plots show that the distribution of vertical disparities was
obviously more leptokurtic (kurtosis = 0.95; SD = 0.14) than that
for horizontal fixation disparities (kurtosis = 2.50; SD = 0.28).

The vergence adjustment that occurred between the beginning
and end of each fixation period was also different for horizontal
and vertical dimensions: the horizontal vergence drift was conver-
gent, on average by 0.10�, while the vertical vergence drift was not
statistically different from zero (b = 0.01, SE = 0.01, p = 0.35) and,
thus, it was significantly smaller in magnitude compared to the
horizontal vergence drift (b = �0.07, SE = 0.01, p < 0.01; see the
lower panel of Fig. 6). Again, the distribution of vertical adjustments
in vergence was more leptokurtic (kurtosis = 0.28; SD = 0.07) than
that for horizontal drifts (kurtosis = 0.56; SD = 0.12).

The horizontal vergence adjustment during fixations was con-
vergent, in line with previous results, showing that vergence
adjustments during reading fixations are predominantly conver-
gent in nature (Jainta et al., 2010; Liversedge, White, et al., 2006;
Vernet & Kapoula, 2009); accordingly, the two eyes moved in dis-
conjugate directions, that is, on average the right eye moved by
�0.05� (SD = 0.15) and the left eye by 0.05� (SD = 0.13). The abso-
lute magnitude of these movements was not significantly different
between the two eyes (b = 0.005, SE = 0.01, p = 0.73). With respect
to vertical drift, both eyes also contributed equally (b = �0.002,
SE = 0.005, p = 0.55). These data are represented in the top two
panels of Fig. 6.

3.2. Vergence adjustments in monocular reading

When the sentences were viewed by the right eye only,
sentence reading times and first fixation durations increased (see
also, Jainta and Jaschinski, (2012)). Moreover, horizontal fixation
disparities at the beginning and end of fixations were larger
than disparities observed when sentences were read binocularly:



Fig. 3. Vertical fixation disparities (�) as a function of horizontal fixation disparities
(�) – (A) for the beginning of binocular reading fixations and (B) for the end of
binocular reading fixations. This time, only fixations are plotted that were made
during sentence reading immediately after a full, accurate, monocular calibration
and validation had been completed for each eye. Red dots mark the values of mean
plus SD and mean minus SD, respectively. Ellipses were plotted for illustrative
purposes only. Note that each letter extended 0.25� of horizontal visual angle and
0.3� of vertical visual angle. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

Table 1
Linear-mixed effect models of the fixation disparity measures and vergence adjust-
ments under (a) binocular and (b) monocular viewing conditions.

(a) Binocular reading

Fixed factor Horizontal fixation
disparity (�)

Vertical fixation
disparity (�)

b SE t b SE t

(Intercept) �0.23 0.08 �2.97*** 0.04 0.03 1.39
Start versus end of

fixation
0.10 0.03 3.65*** �0.02 0.02 �0.92

Fixed factor Fixation disparity (�) Vergence adjustment (�)

b SE t b SE t

(Intercept) �0.10 0.05 �2.12* 0.09 0.01 8.50***

Horizontal versus
vertical

0.11 0.02 4.91*** �0.07 0.01 �6.18***

(b) Monocular reading

Fixed factor Horizontal fixation
disparity (�)

Vertical fixation
disparity (�)

b SE t b SE t

(Intercept) �0.28 0.07 �3.92*** 0.05 0.02 1.69
Start versus end of

fixation
0.04 0.03 1.39 �0.001 0.02 �0.06

Fixed factor Fixation disparity (�)

b SE t

(intercept) �0.18 0.03 �6.84***

Horizontal versus vertical 0.24 0.03 8.21***

* p 6 0.05.
** p 6 0.01.

*** p 6 0.001.
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mean fixation disparity at the beginning of fixations was �0.22�
(SD = 0.24). Furthermore, in contrast to the results for the binocular
viewing data, the horizontal fixation disparity at the beginning of
fixation under monocular viewing conditions was not statistically
different from that at the end of fixations (b = 0.04, SE = 0.03,
p = 0.16). Indeed, numerically, fixation disparity at the end of fixa-
tion under monocular reading (M = �0.17; SD = 0.24) was greater
than fixation disparity at the end of fixation for binocular reading
(M = �0.08; SD = 0.28), though this difference was not significant
(b = �0.05, SE = 0.05, p = 0.18). This finding is consistent with data
reported by Jainta and Jaschinski (2012). Turning next to the verti-
cal disparity data, we found that fixation disparity under monocu-
lar reading was 0.06� (SD = 012), and the magnitude of this
disparity did not change from the start to the end of fixations
(b = �0.001, SE = 0.01, p = 0.95), nor did it change from binocular
to monocular reading (b = �0.003, SE = 0.03, p = 0.89; see
Table 1). As we would expect, horizontal fixation disparity at the
end of fixations was significantly larger than vertical fixation dis-
parity under monocular reading (b = 0.24, SE = 0.03, p < 0.01; see
Table 1).

Further, when reading was monocular, the pattern of horizontal
vergence adjustments in each eye changed slightly (see lower two
panels of Fig. 7). The right eye made very few movements in its
horizontal position during fixations (0�, SD = 0.09); comparing the
movement of this eye for monocular and binocular reading condi-
tions showed a tendency for less horizontal movement during
monocular reading (b = 0.04, SE = 0.02, p = 0.08). Under monocular
reading, the left eye shifted slightly to the right (0.06�, SD = 0.11)
and this adjustment was not different to that observed under
binocular reading (b = 0.0002, SE = 0.02, p = 0.98).

With respect to vertical position, the eyes drifted upwards by
0.03� (SD = 0.07) between the start and end of fixations (i.e. this
reflects a version drift) and no difference in this movement in
the two eyes was observed between monocular and binocular
viewing conditions (b = �0.002, SE = 0.01, p = 0.71).
4. Discussion

Among a multitude of other contributing processes, binocular
fusion (Howard, 2012; Schor & Ciuffreda, 1983; Sheedy et al.,
1986; Steinman, Steinman, & Garzia, 2000) is a key process under-
lying undisrupted, normal, binocular reading (Heller & Radach,
1998; Jainta, Blythe, & Liversedge, 2014; Jainta et al., 2010; Jainta
& Jaschinski, 2012; Liversedge, 2008; Liversedge, Rayner, et al.,
2006; Liversedge, White, et al., 2006). Aspects of horizontal binocu-
lar fusion have been carefully studied over recent years and shown
to be critical for efficient lexical processing (Blythe, Liversedge, &
Findlay, 2010; Jainta, Blythe, & Liversedge, 2014). The present
study provides a precise examination of vertical fixation disparities
and vertical vergence adjustments (as well as corresponding hori-
zontal indices) in natural, binocular sentence reading and in
monocular reading. Briefly, we found that vertical disparities and
vergence responses were reduced relative to horizontal disparities
and vergence responses. Also, horizontal fixation disparities were
comparable, on average, in magnitude, direction (uncrossed fixa-
tion disparities; exo fixation disparities) and range to previous



Fig. 4. Individual mean vertical fixation disparities (�) as a function of individual mean horizontal fixation disparities (�) for all 13 participants (±SD) – for the beginning of
binocular reading fixations (A and B) and for the end of binocular reading fixations (C and D). In (B) and (D), all individual means were set to zero and the range of each
individual data set is denoted by boundaries of plus and minus one standard deviation. Note that each character space extended 0.25� of horizontal visual angle and 0.3� of
vertical visual angle.

Fig. 5. Distribution of horizontal and vertical fixation disparities (�) at the end of fixations (in binocular reading). Gaussian functions are fitted for illustrative purposes. Note
that each letter extended 0.25� of horizontal visual angle and 0.3� of vertical visual angle.

124 S. Jainta et al. / Vision Research 110 (2015) 118–127
reports (e.g. Blythe et al., 2006; Blythe, Liversedge, & Findlay, 2010;
Liversedge, Rayner, et al., 2006; Liversedge, White, et al., 2006).
Also in line with previous reports, horizontal disparities were sub-
stantially larger at the beginnings of binocular reading fixations
and significantly reduced by the end of fixations. Furthermore,
examination of binocular coordination during monocular reading
allowed us to demonstrate horizontal eye movements in the eye
that perceived the sentence, but not in the eye that was occluded,
whereas, under the same viewing conditions, vertical eye move-
ments did not occur in either eye. That is to say, when viewing con-
ditions did not offer the possibility of binocular motoric and
sensory fusion (Jainta & Jaschinski, 2012; Leigh & Zee, 2006), we
found a clear dissociation between horizontal and vertical ver-
gence adjustments during reading.



Fig. 6. Distribution of horizontal and vertical vergence adjustments (�) found
between the start and end of fixations (in binocular reading). Gaussian functions are
fitted for illustrative purposes. Note that each letter extended 0.25� of horizontal
visual angle and 0.3� of vertical visual angle.
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4.1. Horizontal and vertical disparity ranges in binocular reading

When vertical fixation disparities are plotted against horizontal
disparities, the difference in fixation disparity magnitude resulted
in an ellipsis pattern in the data. This present finding is inconsis-
tent with a previous report by Nuthmann and Kliegl (2009), who
reported vertical disparities that were very comparable in magni-
tude and variability to horizontal disparities in reading, but is in
line with theoretical and experimental reports from non-reading
tasks (Leigh & Zee, 2006; Ogle & Prangen, 1953; Schor,
Fig. 7. Distribution of horizontal and vertical adjustments in each eye’s position (�) for bi
each letter extended 0.25� of horizontal visual angle and 0.3� of vertical visual angle.
Heckmann, & Tyler, 1989; Schor, Wood, & Ogawa, 1984; Schor &
Ciuffreda, 1983; Steinman, Steinman, & Garzia, 2000). Several rea-
sons might have caused such discrepancies: for example, the pre-
sent data were acquired during testing sessions in which
monocular calibrations were employed (Jainta et al., 2010;
Liversedge, White, et al., 2006) and fixations were only analyzed
in detail when measured after a full calibration run. In contrast,
Nuthmann and Kliegl (2009) obtained their data using binocular
calibrations, and these calibrations occurred comparatively infre-
quently (after 11 sentence presentations). These factors could have
led to overestimations of fixation disparity, drifts and, more gener-
ally, higher variability in the data which in turn might have con-
cealed the elliptical pattern and resulted in a more circular
pattern of fixation disparity.

As mentioned above, the present data showed an elliptical dis-
tribution, a pattern that is in line with reports that showed that
fixation disparities reflect tolerance capacities in fusional processes
and, thus, are closely related to the extent and shape of Panum’s
fusional area, which is typically broader in the horizontal than in
the vertical dimension (Leigh & Zee, 2006; Ogle & Prangen, 1953;
Schor, Heckmann, & Tyler, 1989; Schor, Wood, & Ogawa, 1984;
Schor & Ciuffreda, 1983; Steinman, Steinman, & Garzia, 2000).
4.2. Horizontal and vertical vergence responses during fusion serve
different purposes

A further, and arguably, more important aspect of our data is
that we found horizontal fixation disparities and vergence adjust-
ments during reading that were comparatively substantive, while
vertical fixation disparities were small, and minimal vertical ver-
gence movements were observed.
nocular reading (panels A and B) and monocular reading (panels C and D). Note that
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An important question concerns why such differences exist,
that is, why the eyes are not as well coordinated in the horizontal
plane as they are in the vertical plane. Humans developed forward-
facing, horizontally separated eyes primarily to gain stereopsis
(Changizi, 2009; Dehaene, 2010; Howard, 2012; Schor &
Ciuffreda, 1983; Steinman, Steinman, & Garzia, 2000). When the
inputs of the two eyes are compared, typically two kinds of dispar-
ity are present: absolute and relative disparity. Absolute disparity
is related to absolute depth perception and reflects the distance
of an object from the egocenter of the observer. When an object
is foveated in both eyes, the resulting absolute disparity between
the two foveal projections of this object (and all objects on the hor-
opter) approaches zero (Howard, 2012; Leigh & Zee, 2006; Schor &
Ciuffreda, 1983; Steinman, Steinman, & Garzia, 2000). Horizontal
vergence eye movements minimize absolute disparity, to ensure
that objects of interest are foveated in both eyes (see Animation
1). In this way, the perceiver coordinates binocular eye movements
as fixations are made from one depth plane to another, reducing
the absolute disparity as necessary (Howard, 2012; Leigh & Zee,
2006; Schor & Ciuffreda, 1983; Steinman, Steinman, & Garzia,
2000).

Since our eyes are horizontally separated, most objects other
than the foveated object (and objects on the horopter) project onto
slightly different positions on each retina. This difference in retinal
locations reflects the relative disparity with respect to the foveated
object and is used to calculate the relationship in depth between
that object and its neighbors (Howard, 2012; Leigh & Zee, 2006;
Schor & Ciuffreda, 1983; Steinman, Steinman, & Garzia, 2000).
Horizontal vergence and fusion processes thus permit a stable
and reliable perception of a 3D visual environment across fixations
(Howard, 2012; Leigh & Zee, 2006; Schor & Ciuffreda, 1983;
Steinman, Steinman, & Garzia, 2000).

In direct contrast vertical fusion and vertical vergence serve
quite a different purpose: vertical vergence reacts to vertical
misalignments of the whole image of one eye relative to the whole
image of the other eye and thus, maximizes the correspondence of
the two retinal images in relation to their overall pattern (Howard,
2012; Leigh & Zee, 2006; Schor & Ciuffreda, 1983; Steinman,
Steinman, & Garzia, 2000). In this way, it provides near zero abso-
lute vertical disparities for the frontal, attended plane in depth and
allows the visual system to also use, if necessary, the remaining
vertical disparities to judge the ‘‘slant’’ of an eccentric surface (that
is, its angle of rotation about the vertical axis with respect to the
frontal plane; (Howard, 2012; Leigh & Zee, 2006; Schor &
Ciuffreda, 1983; Steinman, Steinman, & Garzia, 2000)). Therefore,
vertical fusion – and vertical vergence – sub-serve the mainte-
nance of a single percept and stereopsis by keeping the eyes in reg-
ister and allowing for horizontal fusional processes to successfully
operate over a vertically aligned input.

Even though reading does not normally require a change
between depth planes or stereopsis per se (since text is mostly pre-
sented on a fronto-parallel plane), binocular fusion is still neces-
sary to establish a single, unified percept of the text and this is
typically achieved with ease. In the present experiment none of
the readers experienced diplopia, thus the text was successfully
fused. Typically, slight fixation disparities (Kirkby et al., 2008) are
tolerated readily as long as those disparities fall within Panum’s
fusional area. Horizontal fusional vergence responses generally
result in minimizing fixation disparities, and thus, typical dispar-
ity-driven, horizontal vergence responses in reading fixations take
place (Blythe, Liversedge, & Findlay, 2010; Blythe et al., 2006;
Jainta et al., 2010; Liversedge, Rayner, et al., 2006; Liversedge,
White, et al., 2006) while minimal vertical fusional responses are
observed.

To briefly recapitulate, the present study shows that in reading
efficient vergence processes associated with horizontal binocular
fusion are clearly observable. In contrast, vertical alignment
appears to be something of a pre-requisite for horizontal fusional
mechanisms to operate effectively and deliver a non-diplopic uni-
fied percept of the text. And given this, it is now perhaps worth
considering in more general terms the question of why this
dissociation might actually exist. In our view, it is the case that this
situation exists due to the physical arrangement of the human
binocular visual system. The differences in horizontal and vertical
vergence responses arise entirely because the human visual system
is arranged around a pair of forward-facing, visual receptors, the
eyes that are physically separated by a small distance in the hori-
zontal dimension. Because of this arrangement of the eyes, and as
we described earlier, every object in the visual environment (other
than the fixated object and objects on the horopter) projects to a
slightly different, horizontally displaced, position on each retina
(relative disparity underlying stereopsis). Consequently, humans
rely predominantly on disparity in the horizontal plane for depth
perception (Changizi, 2009; Dehaene, 2010; Howard, 2012; Schor
& Ciuffreda, 1983; Steinman, Steinman, & Garzia, 2000).

Given the arrangement of the eyes, vertical disparities alone are
not particularly helpful in relation to the objective of computing
depth. In principle, it could have been possible that humans might
have evolved differently such that the eyes were not spatially sepa-
rated in the horizontal dimension, but instead were spatially sepa-
rated in the vertical dimension. If this were to have been the case,
and our theoretical claims are correct, then in such a hypothetical
situation, vertical rather than horizontal disparity in patterns of
stimulation on the two retinae would very likely provide the basis
for stereopsis. Furthermore, in this hypothetical situation, we
would expect vertical (and not horizontal) vergence movements
to be the central oculomotor response underlying perception of
depth (see Animation 2).

The fundamental point to take from this discussion is that in
human vision, horizontal disparities between the eyes are informa-
tive (in relation to visual perception) in a different way to vertical
disparities given that our eyes are horizontally displaced. This is
the reason why we see dissociation in the nature of the response
across the two dimensions – even in a task like reading. Note also
that this explanation fits very neatly with the findings we have
presented relating to monocular reading. In particular, we showed
that as a consequence of disrupting normal binocular viewing by
presenting sentences monocularly, there was a profound change
in horizontal vergence behavior. In line with previous reports, we
showed that in such cases the eyes become far less coordinated
and act in an open loop way (Jainta & Jaschinski, 2012), and all dis-
parity-driven processes are eliminated from vergence adjustments
(Howard & Rogers, 2002; Leigh & Zee, 2006; Schor & Ciuffreda,
1983; Steinman, Steinman, & Garzia, 2000). In direct contrast, the
vertical characteristics of vergence behavior remained completely
unchanged in monocular relative to binocular reading conditions:
neither the vertical coupling of the saccades nor the minimal ver-
gence adjustments were affected during monocular reading. This is
quite consistent with what we would expect given our account of
how horizontal aspects of vergence differ quite fundamentally
from vertical aspects of vergence.

In summary, we showed that vertical over horizontal fixation
disparities in natural reading follow an elliptical distribution, a pat-
tern that is in line with reports that reflect tolerance capacities in
fusional processes in non-reading tasks. Moreover, we found hori-
zontal fixation disparities and vergence adjustments during typi-
cal, binocular reading that were comparatively substantive, while
vertical fixation disparities were small, and only minimal vertical
vergence movements were observed. This dissociation became
even more apparent in monocular reading, in which we found pro-
nounced effects on horizontal vergence while vertical characteris-
tics of vergence behavior remained completely unchanged. We
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argued that this dissociation is directly related to the functional
role of vergence adjustments: vertical fusion – and vertical ver-
gence – subserve the maintenance of a single percept and stereop-
sis by keeping the eyes in register. Horizontal fusion – and
horizontal vergence – then operate successfully over a vertically
aligned input. A reliable and stable vertical alignment is, therefore,
a pre-requisite for efficient horizontal fusional responses, which
provide a stable and single percept of the text in reading. Since
reading is an essential and critical skill for successful function in
today’s society, future research might show how these functional
differences between vertical and horizontal vergence may relate
to reading performance in individuals with vergence insufficiency
or asthenopia (Howard & Rogers, 2002; Leigh & Zee, 2006; Schor
& Ciuffreda, 1983; Steinman, Steinman, & Garzia, 2000).

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.visres.2015.03.
008.
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