
1 3

Exp Brain Res (2013) 227:101–110
DOI 10.1007/s00221-013-3490-8

RESEARCH ARTICLE

Violating the main sequence: asymmetries in saccadic peak 
velocities for saccades into the temporal versus nasal hemifields

Ómar I. Jóhannesson · Árni Kristjánsson 

Received: 12 December 2012 / Accepted: 14 March 2013 / Published online: 30 March 2013 
© Springer-Verlag Berlin Heidelberg 2013

Introduction

Visual acuity is by far the best at the fovea at the center of 
the retina and declines rather abruptly outside it and faster 
in the temporal than the nasal hemiretina (Fahle and Schmid 
1988). This corresponds well with retinal physiology  
(Curcio and Allen 1990) and has generated interest in nasal–
temporal asymmetries (NTAs) for attentional function and 
saccadic performance. Such experiments typically involve 
blocking the view of one eye so that the nasal visual field 
projects only to the temporal hemiretina of the open eye and 
the temporal visual field projects to its’ nasal hemiretina. 
There is indeed considerable evidence in the literature for 
NTAs in attentional function (Dodds et al. 2002; Rafal  
et al. 1991; Walker et al. 2000). The benefits of valid cues 
are greater when they appear in the temporal hemifield than 
in the nasal hemifield and the cost of invalid cues is greater 
when they appear in the temporal than nasal hemifield 
(Rafal et al. 1991). In free saccadic choice tasks, observers 
prefer to make saccades to the temporal than nasal hemifield 
(Bompas et al. 2008; Posner and Cohen 1980) and some 
authors have found evidence for NTAs in saccade latency 
(Kristjansson et al. 2004; Walker et al. 2000) while others 
have not (Bompas et al. 2008; Honda 2002; Jóhannesson 
et al. 2012). Tomalski et al. (2009) reported that observers 
respond faster to upright face-like stimuli presented in the 
temporal than nasal hemifield, an effect not observed for 
inverted face-like stimuli, showing how such asymmetry 
can translate into higher level perceptual effects. Evidence 
for attentional and saccadic NTAs has sometimes been con-
nected with greater density in retinotectal projection from 
the nasal than temporal hemiretina (Rafal et al. 1989, 1991) 
although whether such asymmetries are indeed larger for 
retinotectal than retinostriate connections has been ques-
tioned (Williams et al. 1995).
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In a recent study, Jóhannesson et al. (2012) compre-
hensively tested for nasal–temporal asymmetries in sac-
cadic latency and landing point accuracy. In other studies 
containing data speaking to this question, the question of 
NTAs in latency was a secondary aim, while Jóhannes-
son et al. reported seven experiments with the sole aim of 
investigating NTAs. Little evidence of any NTAs was found 
for latency, while there were non-significant trends toward 
more hypometry for saccades to nasal than temporal targets 
(nasal targets projecting to the temporal hemiretina). This 
absence of any NTA in latency was consistent with some 
results (Bompas et al. 2008; Honda 2002) but inconsistent 
with others (Kristjansson et al. 2004; Walker et al. 2000). 
The absence of latency NTAs was especially surprising 
in light of findings of strong attentional and choice NTAs  
(Posner and Cohen 1980; Rafal et al. 1991; see also Bompas 
et al. 2008), and the well-known relationship between atten-
tion and saccades (Deubel and Schneider 1996; Hoffman 
and Subramaniam 1995; Kowler et al. 1995; Kristjansson  
et al. 2001; Kustov and Robinson 1996; see e.g. Kristjánsson  
2007, 2011 for review). In light of what is known about ana-
tomical NTAs, this result was also surprising (see general 
discussion). Jóhannesson et al. speculated that this could 
reflect that saccadic choice may be disconnected from sac-
cade execution.

While Jóhannesson et al. (2012) did not find evidence of 
NTAs in latency and landing point accuracy, here we pre-
sent the results of further analyses of their data. More spe-
cifically, we report, for the first time, unequivocal evidence 
of nasal–temporal asymmetries in saccadic peak veloci-
ties under monocular viewing. Peak velocities denote the 
highest velocity that the eye reaches during a saccade and 
can be found with numerical differentiation of amplitude 
with respect to time in the duration of the saccade. Peak 
velocities vary with amplitude and have, for example, been 
measured to be 307°/s for amplitudes of 10° and 395°/s for  
saccades of 15° amplitude in a representative study (Beydagi  
et al. 1999). Neurophysiological findings provide some 
plausible reasons why such asymmetries might exist (see 
general discussion).

A common assumption in the literature is that there is 
a linear relationship (the main sequence) between saccadic 
amplitude and peak velocity up to 20° amplitude where 
PVs reach asymptote at about 500°/s (Bahill et al. 1975; 
Collewijn et al. 1988; Leigh and Zee 2006). A distinct pos-
sibility is therefore that if higher PVs toward targets in the 
temporal than nasal hemifield are found, this might simply 
reflect less hypometric saccades into the temporal than the 
nasal hemifield (Jóhannesson et al. 2012). This question will 
be addressed in detail in the following analyses. For bin-
ocular saccades, Collewijn et al. (1988) found that the peak 
velocity of the abducting eye (saccades toward the temporal 
hemifield) was higher than of the adducting eye (see also 

Vergilino-Perez et al. 2012). Whether this holds for monoc-
ular saccades is, however, unclear. Since under monocular 
viewing, anatomical differences between the nasal and tem-
poral hemiretina are more likely to have an effect, larger 
effects upon peak velocity might therefore be expected.

Here, we present analyses of the velocity data from the 
monocular saccades measured in Jóhannesson et al. (2012), 
focusing on peak velocity (PV) while taking into account 
any modulatory effects of amplitude and latency. To preview 
the results, we found a clear pattern of asymmetries in PVs 
between the hemifields, such that the PVs were higher when 
saccades were made to temporal than nasal stimuli (see 
Fig. 1). This pattern held even when amplitude and latency 
were controlled for. In an additional experiment, run espe-
cially for this project, we tested NTAs in peak velocity dur-
ing binocular viewing, to better characterize the asymmetry.

Saccadic peak velocities during monocular presentation

Brief overview of experimental methods  
in Jóhannesson et al. (2012)

To examine peak velocities under monocular presentation, 
we used the data collected in experiments 3–7 in Jóhannesson 
et al. (2012).1 We therefore only provide an overview of the 
experimental procedures and refer to Jóhannesson et al. 
(2012) for further details. Experiments 3 through 7 involved 
only centrifugal saccades. Each trial started with central fixa-
tion and observers then made a saccade to the left or right. 
All experiments involved horizontal saccades made from 
central fixation toward suddenly appearing peripheral stim-
uli. The required saccadic amplitude in experiment 3 (10 
observers) was 8°, in experiment 6 (5 observers), it was 20°, 
and in experiment 7, (12 observers, 3 excluded because of 
high error rates) three different amplitudes (5°, 10° and 20°) 
were interleaved within blocks. In experiment 4 (14 observ-
ers, 5 excluded because of high error rates), the amplitude 
was 8° and peripheral valid (we only used data from the valid 
cue condition) or invalid cues appeared (to test the involve-
ment of exogenous attention; see e.g. Kristjánsson 2009; 
Kristjansson and Nakayama 2003; Posner and Cohen 1980). 
In experiment 5 (amplitude 8°; 14 observers, 5 excluded 
because of high error rates), a concurrent discrimination  
task was presented.2 Note that the optic disk is located 
15.5° ± 1.1° nasal to the fovea (Rohrschneider 2004),  

1 In experiments 1 and 2 in Jóhannesson et al. (2012), a very differ-
ent task involving interleaved centripetal, centrifugal, abducting, and 
adducting saccades was used, so data from those experiments are not 
included here.
2 Exogenous attention and discrimination tasks will not be further 
discussed here since they are irrelevant to the current topic.
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so none of the chosen target locations were in the observers’ 
blind-spot.

In all experiments, the movement of one eye at a time 
was recorded while the other eye’s view was blocked with 
an eye patch. In experiment 7, only the movement of the 
dominant eye (determined by the pointing method intro-
duced by Greenberg 1960) of each participant was recorded 
while in experiments 3 through 6, the movement of both 
eyes of each observer was recorded (on separate instances). 
When both eyes were recorded, the data from each eye were 
compared (left vs. right; dominant vs. non-dominant; inter-
action of those two factors), but no differences in perfor-
mance were found (all p’s > .1), so the data were combined. 
Saccades with latencies shorter than 80 ms are most likely 
anticipatory (Becker 1991; Rolfs and Vitu 2007) and were 
therefore excluded from all analyses. Furthermore, trials 
with latencies, peak velocities and/or amplitude that devi-
ated more than 3 SD from their mean were removed from 
each observer’s data before analysis. The 55 participants 
(32 females, aged from 19 to 55, M = 28.6 years) were all 
students at the University of Iceland and received course 
credit for participating. Of the 55, 43 had a right dominant 
eye. Thirteen were excluded because their total error rate 
exceeded our criteria. A high-speed monocular eyetracker 
(250 Hz) from Cambridge Research Systems was used in 
all experiments. The eyetracker is based on infrared reflec-
tion technology and uses the pupil and dual first Purkinje 
reflection to record gaze. The spatial accuracy of the eye-
tracker is 0.125° to 0.25° and its’ horizontal range is ±40° 
(Cambridge Research Systems 2006). The only illumination 
in the soundproof booth, where the experiments were run, 
came from the experimenter’s LCD monitor and the CRT 
monitor used to display the stimuli. The observer’s head was 
stabilized with a head- and chinrest with a viewing distance 
of 53 cm in all experiments. The observers were told they 
could rest between blocks as needed.

Data preparation

In the following analyses, data from different experiments 
with the same amplitude requirement were combined 
(experiment 7, amplitude = 5°; experiments 3, 4, and 5, 
amplitude = 8°; experiment 7, amplitude = 10°; experi-
ments 6 and 7, amplitude = 20°). No inter-experiment dif-
ferences in latency, peak velocity, or amplitude were found 
for experiments with the same amplitude requirement, jus-
tifying the combination of the data for the purposes of the 
current analyses. Table 1 shows an overview of combined 
peak velocities from the 5 experiments. The differences in 
peak velocity between saccades toward nasal versus tempo-
ral stimuli were significant for the 5°, 8°, and 10° conditions 
(all F’s > 8 and all p’s < .02) but not for the 20° condition 
(F(1,14) = 2.45; p = .14), and numerically, the difference 

was smallest for this highest amplitude (see Table 1). The 
difference is always in the direction that PVs are higher 
toward temporal than nasal stimuli. For 5° eccentricity, the 
average amplitude for saccades toward temporal stimuli was 
5.3°, and toward nasal stimuli, it was 4.1°, for 8° eccentric-
ity, it was 7.5° and 7.0°, for 10° eccentricity, it was 9.7° 
and 8.3°, and for 20° eccentricity, it was 17.8° and 17.0° 
for saccades toward temporal and nasal targets, respectively. 
NTAs in latency and landing point accuracy never reached 
significance (see Jóhannesson et al. 2012).

Analyses of peak velocities and amplitude  
in Jóhannesson et al. (2012)

As an introduction to the peak velocity results, we pre-
sent a scatterplot (Fig. 1) with symbols for each individual 
observer from experiments 3 through 7 in Jóhannesson 
et al. (2012), as a function of difference scores for peak 
velocity (temporal − nasal) on the ordinate and amplitude  
(temporal − nasal) on the abscissa. Different symbols denote 
different amplitudes tested in experiments 3 through 7.

Temporal peak velocities minus nasal peak velocities are 
plotted on the ordinate so that if the score for each indi-
vidual is above the 0 line, peak velocities of saccades toward 
temporal stimuli were higher than toward nasal stimuli for 
this observer. The horizontal dotted line shows the mean 
difference score for peak velocity. The abscissa denotes the 
difference in amplitude (temporal amplitude − nasal ampli-
tude). If the score for an individual is to the right of 0, the 
amplitude was higher toward temporal than nasal stimuli, 
and the vertical dotted line denotes the mean difference 
score for amplitude.

There are several notable features to the scatterplot in 
Fig. 1a. Firstly, a large majority of the observers show higher 
saccadic peak velocities toward temporal stimuli (which 
project to the nasal hemiretina) than to nasal stimuli (the 
average difference score denoted by the dashed horizontal 
line). Secondly, the graph shows a similar difference score 
for amplitude (abscissa) indicating that the saccades toward 
nasal hemifield targets are more hypometric than those 
toward temporal stimuli. Most importantly, however, this 
graph clearly suggests that the faster peak velocities are not 
explained by differences in amplitude. The main sequence 
relationship between saccadic amplitude and velocity does, 
in other words, not explain the pattern. If the difference in 
peak velocities was completely explained by larger hypom-
etry for saccades toward nasal stimuli, we should not expect 
to see the large majority of the points in the upper part of 
the graph. For saccades where amplitude is higher into the 
temporal hemifield, they should be above the 0 line for peak 
velocity differences, but when nasal amplitude is higher, 
they should be below the 0 line. But this is not the case. The 
majority of points is above the no difference line for PV. 
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Note also that the graph implies that the larger the amplitude 
the higher the peak velocity, but our point is simply that this 
is far from being the whole story. If the pattern truly fol-
lowed the main sequence, when the saccades to the temporal 
hemifield have higher amplitude, the peak velocities should 
be higher for saccades to the temporal hemifield (upper right 

quadrant relative to 0 lines) while if they have higher ampli-
tude to the nasal hemifield, the peak velocities should also 
be higher for the nasal hemifield (lower left quadrant). But 
importantly, for the large majority of observers, the peak 
velocities toward the temporal hemifield are higher irre-
spective of amplitude. In what follows, we further analyze 

a

b c

Fig. 1  Differences in average peak velocity and amplitude toward 
temporal versus nasal stimuli shown individually for 42 observers (13  
of 55 were excluded because of high error rates). a The difference 
in peak velocity (PVtemporal − PVnasal) is plotted on the ordinate as a 
function of amplitude difference (amplitudetemporal − amplitudenasal)  
on the abscissa. The vertical and horizontal solid lines denote no dif-
ference between temporal and nasal hemifields. The dashed verti-
cal line denotes the actual average difference between temporal and 
nasal amplitude, and the horizontal dashed line denotes the actual 

average difference in peak velocity between the temporal and nasal 
hemifields. Different symbols denote different saccade amplitudes as 
required in the different experimental instructions. b Naso-temporal 
asymmetry in peak velocity showing how peak velocities of saccades 
toward stimuli in the temporal hemifield are higher than toward nasal 
stimuli for the different experiments. c Naso-temporal asymmetry in 
amplitude showing how amplitude is higher for saccades toward stim-
uli in the temporal than in the nasal hemifield. The error bars denote 
the standard error of the difference score
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these relationships incorporating peak velocity, latency, and 
amplitude as a function of hemifield.

Figure 1, panel b, shows, for completeness, the differ-
ences in peak velocity between saccades made to stimuli 
in the temporal hemifield versus toward stimuli in the nasal 
hemifield for the 5 experiments (3 different amplitudes 
for experiment 7). If the difference score lands above the 
horizontal solid line, which denotes no difference, the peak 
velocities of saccades toward temporal hemifield stimuli are 
higher, while if it lands below it, the peak velocities were 
lower. Figure 1c shows similar results for amplitude.

Regression analyses of peak velocities, latencies, and 
amplitude

We used the lmer function (Bates 2010) in R to fit regres-
sion models with both fixed and random effects (mixed-
effects model) to the results. The dependent variable was 
peak velocity, while the independent variables were sac-
cadic amplitude, latency, and hemifield. The aim was to 
investigate the relationship between those variables and 
peak velocity. In all experiments, there was some variation 
between observers and between hemifields both in the inter-
cept and the slope of amplitude. Because of this, the random 
effect was considered to be the effect of observer, of ampli-
tude and observer, and of hemifield and observer (Baayen 
et al. 2008; Dixon 2008). To find the model that best fits 
the data, we compared multiple mixed-effects regression 

models: (1) a base model where amplitude was the only 
independent variable with the random effect of observer 
on the intercept, (2) a model with amplitude and hemifield 
as independent variables and (3) a model with amplitude, 
hemifield, and latency as independent variables. The model 
with the lowest AIC (Akaike information criterion; Akaike 
1974) is considered to be the best fit to the data of the mod-
els being compared (Akaike 1974; Burnham and Anderson 
2004). We used the anova function in R to test if there was 
a significant difference between the chosen model and the 
rejected models. We only report the statistics for the base 
model and the chosen model. For all amplitudes, a model 
with amplitude and hemifield main effects was chosen as 
the best one from the results of the AIC tests (indicating 
that latency did not have a modulatory effect on the peak 
velocities).

The statistics for the base model and the chosen model 
for the different experiments are shown in Table 2. The 
t-values for intercepts and slopes of amplitude are high, 
suggesting that the intercepts and the slopes of ampli-
tude are always significant both in the base model and the 
chosen model. In the chosen model, the slope of hemi-
field and the slope of the interaction between amplitude 
and hemifield are always significant (except for hemifield 
and the interaction for 20°, t < 1.6). The difference in 
AIC values is of great interest. On average, the AIC is 
314 points lower for the chosen than for the base model, 
and the difference is in all cases highly significant (all 

Table 1  Overview of the peak 
velocities from Jóhannesson  
et al. (2012) for the four 
different amplitudes. In the 
table, “Temporal” and “Nasal” 
refer to locations of target 
stimuli

Temporal Nasal Diff df F value p value

Mean SD Mean SD

PV (5° amp) 299.5 65.6 269.0 58.4 30.5 1.8 8.18 .021

PV (8° amp) 364.2 74.3 341.1 67.1 23.1 1.27 13.53 .001

PV (10° amp) 412.2 72.6 379.9 68.6 32.3 1.8 10.47 .012

PV (20° amp) 502.6 89.5 485.5 105.7 17.1 1.14 2.45 .140

Table 2  Comparison of the base models and chosen models from the 
regression analyses (based on the difference in AIC scores, the right-
most column). The parameters of the chosen model are all highly sig-
nificant except the slope of hemifield and the interaction of hemifield 

and amplitude in the 20° amplitude condition. The large AIC differ-
ence between base and chosen models is noteworthy (see main text 
for further detail)

Amp (°) Base model Chosen model AIC  
difference

Intercept Slope of Amplitude Intercept Slope of Amplitude Slope of Hemifielda Slope of Amp × hemifa

°/s t value °/s t value °/s t value °/s t value °/s t value °/s t value

5 203.2 12.47 17.2 21.13 187.2 11.37 19.8 12.11 47.8 3.64 −7.7 3.46 218

8 247.1 23.29 14.2 20.29 204.2 15.67 19.1 17.37 70.0 5.25 −7.4 4.91 507

10 240.6 13.61 17.3 26.65 214.0 10.88 20.0 15.11 75.7 3.86 −7.3 3.57 87

20 292.1 17.06 11.2 18.66 302.3 13.65 10.7 11.09 −40.9 1.56 2.0 1.45 130

a  In the regression, the nasal visual hemifield was coded as 0 and the temporal visual hemifield as 1
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p’s < .001). From this, we can conclude that the higher 
amplitude of saccades toward stimuli in the temporal 
than the nasal hemifields does not explain the NTA in 
peak velocity. In other words, when hemifield is added 
to the regression models, the variation in peak velocity is 
much better accounted for (and significantly so), demon-
strating its’ strong effects.

In Fig. 2, 3 we plot the chosen models’ predicted relation-
ship4 between peak velocity and 4 different amplitudes (5°, 
8°, 10°, 20°). The figure shows that for all amplitudes except 
20° (panel d), the peak velocity of saccades toward temporal 
stimuli is higher (panels a, b, and c). Because the slopes of 
the saccades toward nasal stimuli are steeper than of 

3 Caution is needed for predictions of PV values at the outermost 
points in the graphs since they represent relatively few data points, 
especially for the higher amplitudes (toward the right of the graphs).
4 The regression equation for the chosen model is: y = inter-
cept + amplitudeSlope × amplitude + hemifieldSlope × hemi-
field + interactionSlope × amplitude × hemifield. To take an example 
a calculation for 5° amplitude and a saccade into the temporal hemifield 
yields: 187.2 + 19.8 × 5 + 47.8 × 1 + (−7.7 × 5 × 1) = 295.5°/s.

saccades toward temporal stimuli, the figure also suggests 
that the peak velocity increases faster for saccades toward 
nasal than temporal stimuli at the lower amplitudes. For the 
20° amplitude, there is no difference between the hemifields, 
but the slope of amplitude is highly significant as expected 
(the main sequence) but neither the slope of hemifield nor the 
slope of the interaction was significant. Again, Fig. 2  
suggests that the difference in peak velocity between  
saccades toward temporal and nasal stimuli decreases with 
increased amplitude and, accordingly, the difference in 
slopes (temporal − nasal) decreases from −7.7 to 2°/s for 
the amplitudes of 5° and 20°, respectively.

In sum, our results indicate that a model which includes 
the effect of hemifield fits the data better and predicts 
peak velocities better than a model without hemifield 
effects. Furthermore, latency seems not play any role in 
determining peak velocities. Finally, the results suggest 
that NTAs in PV become smaller as amplitude increases, 
since for the 20° amplitude, models with hemifield as an 
independent variable and the base model were not sig-
nificantly different (although the difference was numeri-
cally in the direction of a similar NTA as for the other 
amplitudes).

a b

c d

Fig. 2  The predicted peak velocity and amplitude relationship from 
the chosen regression models for the different amplitudes. The pre-
dicted peak velocities are clearly higher for saccades toward temporal 
than nasal stimuli in the 5° and 8° amplitude conditions (the top row). 

The difference is smaller in the 10° amplitude condition (bottom left) 
and in the 20° condition (bottom right) the difference is almost nil. 
The slope of saccades toward nasal stimuli is higher than of saccades 
toward temporal stimuli (except for the 20° condition)



107Exp Brain Res (2013) 227:101–110 

1 3

Saccadic peak velocities during binocular presentation

In an additional experiment run especially for this project, 
we measured saccadic peak velocities toward the nasal and 
temporal visual hemifields during binocular presentation to 
test whether NTAs in peak velocities are idiosyncratic to 
monocular presentation, or in other words situations where 
the input is purely nasal or temporal.

Method

Participants

Twenty students (aged 20–53 years, M = 26.6 years, 
SD = 7.4 years; 15 women) from the University of Ice-
land voluntarily participated and received course credit for 
participation.

Stimuli and procedure

We used the same stimuli as in experiment 3 in Jóhannesson 
et al. (2012), the procedure was similar, and we recorded 
the movements of the dominant eye and the only difference 
was that neither of the observer’s eyes was blocked. Each 
observer participated in 2 blocks of 36 trials, 72 in total.

Results

Trials with latencies shorter than 80 ms and trials where 
latency, amplitude, or peak velocity deviated more than 3 
SD from their mean were excluded, so 53–72 trials for each 
observer were analyzed. Figure 3, panel a, shows the results. 
The average difference between the PV of saccades toward 

nasal and temporal stimuli is small and so is the differ-
ence in amplitude between them. The average peak veloc-
ity toward temporal stimuli was 343.6°/s (SD = 67.8°/s), 
and toward nasal stimuli, it was 334.7°/s (SD = 119.8°/s). 
The difference 8.9°/s was not significant (F(1, 19) = 0.79, 
p = .385). The average landing point deviation from the tar-
get’s position was 0.46° (SD = 0.9°) for temporal hemifield 
stimuli, and for nasal hemifield stimuli, the average devia-
tion was 1.1° (SD = 1.1°). Again, the difference, 0.6°, was 
not significant (F(1, 19) = 0.79, p = .385). The average 
latency of saccades toward temporal stimuli was 178 ms 
(SD = 41.3 ms), and the latency of saccades toward nasal 
stimuli was 173 ms (SD = 40.7 ms). This 5 ms difference 
was not significant (F(1, 19) = 2.69, p = .118).

As in the analyses of the monocular data, we used the lmer 
(Bates 2010) function in R to find the best-fitting model. 
The intercept of the base model was 206.2 (t = 11.09) and 
the slope of amplitude was 18.1 (t = 8.53). The intercept 
of the chosen model was 232.3 (t = 10.57), the slope of 
amplitude was 14.10 (t = 5.16), the slope of hemifield 
was—44.77 (t = 2.07), and the slope of the interaction 
between amplitude and hemifield was 6.71 (t = 2.26). The 
slope of the interaction is only marginally significant, but 
all other parameters are significant. In this model, the same 
pattern holds as in the model for the 20° monocular data; 
the slope of hemifield is negative and the interaction slope is 
positive, but the peak velocity is higher for saccades toward 
the temporal than nasal hemifield. As in the monocular data, 
the model with amplitude and hemifield as independent 
variables better predicts peak velocity than a model without 
hemifield and latency. The AIC for the chosen model was 4 
points lower than for the base model, and the difference was 
significant (X2(2) = 7.5, p = .023). The predicted effects of 

a b

Fig. 3  The results of the experiment with binocular presentation. In 
a, there are more data points above the line of no difference in peak 
velocity, but there are equal number of data points to the left and right 
of the line of no difference in amplitude. In b, at the target’s position, 

the predicted peak velocity of saccades toward stimuli in the tempo-
ral hemifield is higher (and the slope also) than of saccades toward 
stimuli in the nasal hemifield
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the chosen model are depicted in Fig. 3, panel b. Note that 
even if the same analyses as for the monocular data reveal 
an effect of hemifield, the difference between hemifield PVs 
is 6.3 % for monocular presentation, while for binocular 
presentation, it is 2.6 % for the 8° amplitude.

What we can conclude from the foregoing analyses is 
that the peak velocity NTA is strongly diminished (but not 
completely absent; see also Vergilino-Perez et al. 2012) dur-
ing binocular presentation suggesting that naso-temporal 
differences in anatomy are likely to explain the strong NTA 
in peak velocity seen during monocular presentation.

General discussion

The current results provide clear evidence of differences in 
saccade peak velocity between hemifields under monocu-
lar presentation. Importantly, the asymmetries are not 
accounted for by differences in saccade amplitude between 
hemifields, although the saccades to nasal hemifield stimuli 
were, overall, more hypometric than the ones toward tempo-
ral hemifield stimuli. The main sequence relation between 
peak velocity and amplitude (Bahill et al. 1975) does, in 
other words, not explain the asymmetry.

The results accord well with findings on preferences 
in saccadic choice tasks (Bompas et al. 2008; Posner and 
Cohen 1980). When observers are freely allowed to choose 
targets to saccade to in the temporal or nasal hemifields 
under monocular presentation, they strongly prefer the tem-
poral target. There are also differences in attentional per-
formance between the hemifields with larger attentional 
effects for temporal hemifield stimuli. When a target loca-
tion is cued in the temporal hemifield, the cue-benefit is 
greater than when cue and target appear in the nasal hemi-
field. When the cue is presented in one hemifield and the 
target in the other, the cost of the invalid cue is greater in the 
temporal, than the nasal hemifield (Rafal et al. 1991). One 
complication, though, is that one would also expect NTAs 
for latency, which have proved hard to find consistently (see 
Bompas et al. 2008; Honda 2002; Jóhannesson et al. 2012; 
Kristjánsson et al. 2004; Walker et al. 2000).

Notes on related findings

In our binocular experiment, the amplitude was 8° and the 
NTA in PV was quite small (8.9°/s), favoring the temporal 
hemifield, but in the 8° condition under monocular view-
ing, the difference was much larger (23.1°/s) also favor-
ing the temporal hemifield. This shows that NTAs in PV 
are much larger for monocular, than binocular, viewing. 
Vergilino-Perez et al. (2012) reported results broadly con-
sistent with ours. They found that the PVs of 10° saccades 
into the temporal hemifield with no temporal gap between 

fixation and target were 358°/s, and for the nasal hemi-
field, they were 329°/s. In our results, the PVs of 8° sac-
cades into the temporal hemifield were ≈344°/s, and the 
PVs of 8° saccades into the nasal hemifield were 335°/s. 
Boghen et al. (1974) concluded that the range of PVs is 
between ≈190°/s and ≈400°/s for 10° saccades and the 
above-mentioned PVs lie in between those values. Robin-
son (1964) found, for monocular viewing, that the veloci-
ties of saccades toward temporal stimuli were higher than 
of saccades into the nasal hemifield and the saccades into 
the nasal hemifield had on average longer durations than 
saccades in the opposite direction. Unfortunately, Rob-
inson did not clarify whether peak velocities or mean 
velocities were measured. Fricker (1971) measured the 
movement of one eye with the other eye’s view blocked 
finding that 10° saccades into the temporal hemifield had 
about 50°/s higher PVs than corresponding saccades in 
the opposite direction and no difference between left and 
right eye was found. Overall, the results from Robinson 
(1964) and Fricker (1971) are in good accordance with 
our results. Boghen et al. (1974) found that monocu-
lar saccades to the nasal hemifield (nasal saccades) had 
higher PVs for amplitudes of 30° than saccades into the 
temporal hemifield but found no significant difference at 
other amplitudes (5°, 10° and 20°). Our results are partly 
consistent with this as the difference between saccades 
toward temporal and nasal targets seems to decrease with 
increased amplitude and the difference is smallest at 20°. 
Their results are, however, somewhat hard to interpret, 
since their main characteristic was a large interobserver 
variability. Finally, Furuya et al. (1986) found that a 
majority (≈60 %) of saccades toward the nasal hemifield 
had higher PVs than saccades in the opposite direction, 
which is on the surface inconsistent with our results. 
Note, however, that each subject only made 16 saccades 
in total with both eyes which means that there were only 
4 saccades of each eye in each direction. In addition, the 
amplitude of the saccades in Furuyas’s et al. experiment 
was 20°, and for this amplitude, the NTAs in PV in our 
results were the smallest. Most importantly, Furuya et al. 
(1986) did not analyze PVs as a function of amplitude, 
which is crucial according to our analyses.

Potential neural mechanisms

It is important to note that the fact that the asymmetry is 
massively reduced during binocular presentation strongly 
indicates that the velocity difference is accounted for by 
input NTAs, not movement NTAs. As discussed above, 
asymmetries exist in both retinotectal and corticotectal 
pathways (a ratio of about 1.55–1, Williams et al. 1995; 
see also, Hubel et al. 1975; Itaya and Van Hoesen 1983; 
Sterling 1973; Tigges and Tigges 1981). In addition, Curcio 
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and Allen (1990) reported that the density of ganglion cells 
decreases faster in the temporal retina than in the nasal 
retina.

An obvious question is whether there is any reason to 
suspect that anatomical NTAs can result in differential peak 
velocities. This anatomical asymmetry finds its way to neu-
rons likely to have a strong influence on saccade perfor-
mance, including velocity. It is known that the superficial 
layers of the superior colliculi (SCs) project to the frontal 
eye fields (FEF; Johnston and Everling 2011, but according 
to White and Munoz 2011 this projections might be through 
the pulvinar and lateral intraparietal cortex), which further 
project to the saccadic brainstem generator (SBG). The pro-
posed functional projection between SCs and the intermedi-
ate layers of superior colliculi (SCi; Doubell et al. 2003) and 
the projection from FEF could mediate the nasal/temporal 
asymmetry leading to higher PVs of saccades to temporal 
stimuli. Brainstem structures below the level of the SC are 
involved in generating the neural pulse that influences sac-
cade velocity. There is a tight correlation between the dis-
charge rate of saccadic burst cells in the paramedian pontine 
reticular formation (PPRF; Cullen and Van Horn 2011) and 
saccade velocity, and premotor neurons responsible for sac-
cade generation primarily encode velocity signals (Leigh 
and Zee 2006). There is a correlation between the firing rate 
of burst neurons (BN) of the brainstem saccade generator 
and saccade velocity. There is also a correlation between 
saccade duration and the duration of the burst of the BN 
(Sparks 2002). This could lead to higher PVs of saccades 
toward temporal, than nasal, stimuli.

One might still ask why anatomical NTAs are not seen 
consistently for saccadic latency but are seen for PVs. One 
possible reason may be that the larger projection from 
nasal than temporal retina may transfer more signals, but 
the transfer time is the same. Given, that the NTA in signal 
strength is the same when it reaches the motor neurons, the 
stronger signals from the nasal retina might lead to faster 
contraction of the lateral rectus than of the medial rectus 
produced from the weaker signals from temporal retina, 
explaining the NTA in PV, but not predicting a concurrent 
latency NTA.

A protest regarding our proposal might involve that the 
retinotectal pathway projects to the superficial (visual)  
layers of the superior colliculus, not the deeper layers 
that have saccade-related activity. There is, however, evi-
dence for interconnections between SCs and SCi in the cat  
(Doubell et al. 2003), and it is not fully known where the 
border between SCs and SCi is located (White and Munoz 
2011). Furthermore, the SCs project to the FEF (Johnston 
and Everling 2011), which further projects to the SCi (White 
and Munoz 2011). While this account is quite speculative, 
we argue that it is not farfetched to propose that anatomical 
NTAs relate to differences in PVs.

Conclusions

We conclude that the peak velocities of monocular saccades 
toward the temporal hemifield are higher than toward the 
nasal hemifield. There was meager evidence of any NTAs 
in PVs of binocular saccades on the other hand. We propose 
that signals from the nasal retina are stronger, than from 
temporal retina—because of NTAs in anatomy—and that 
stronger signals lead to higher peak velocities.
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