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Horowitz, Fine, Fencsik, Yurgenson, and Wolfe (2007, this is-
sue) investigated the relation between microsaccade congru-
ency (MC, the congruency between the direction of the micro-
saccade and the location of the target) and reaction time (RT) in
a spatial cuing paradigm and concluded that “fixational eye
movements are not an index of covert attention.” We show that
microsaccade direction is a reliable on-line measure of attention
that potentially indexes effects beyond those reflected in RT.

In Posner’s (1980) task, the spatial cue is the only objective
marker of attention. Therefore, a cue-validity effect is a neces-
sary property of any index of attention. Such an effect has been
established for both RT (i.e., the RT cue-validity effect) and
microsaccades (i.e., the MC effect; Engbert & Kliegl, 2003;
Galfano, Betta, & Turatto, 2004; Hafed & Clark, 2002; Rolfs,
Engbert, & Kliegl, 2004, 2005). Directional biases in micro-
saccades are not just an oculomotor reflex: If a task requires
shifts in spatial attention, directional biases are elicited by
circular color cues; if the task does not require attentional shifts,
directional biases are not elicited even by arrow cues (Engbert &
Kliegl, 2003; Laubrock, Engbert, & Kliegl, 2005).

Horowitz et al. compared (a) RTs from validly cued trials with
microsaccades oriented away from the target and (b) RTs from
invalidly cued trials with target-congruent microsaccades, ar-
guing that if microsaccades are useful as measures of attention,
then RTs in the latter trials should be faster than RTs in the
former trials. Here we show that this result can be obtained even
if microsaccades and attention are substantially correlated. Let
us assume that microsaccade direction is a valid but imperfect
measure of attention and that the probability of a microsaccade
being oriented toward the location where attention is deployed,
p(microsaccade direction|attention), is .75. Pitting MC against
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cue validity assumes that attention does not always follow the
cue (e.g., because subjects match probabilities; Brunswik,
1939). Let us therefore further assume that the probability that
attention does follow the cue, p(attention|cue), is .8.

Given these assumptions, attention and microsaccades will
both be directed opposite the target on 15% of the valid-cue
trials (.2 x .75 of all valid-cue trials), but attention will follow
the cue toward the target despite a target-incongruent micro-
saccade on 20% of the valid-cue trials (.8 x .25). Similarly,
invalidly cued trials with target-congruent microsaccades will
be a mixture containing “attentional error” trials on which mi-
crosaccades follow attention toward the target (.2 x .75 = .15
of all invalid-cue trials) and trials on which microsaccades are
directed toward the target but attention is not (.8 x .25 = .20).
Hence, the cue-validity effect on RT (i.e., benefits and costs of
valid and invalid cues, respectively) will dominate the MC effect
in the conditions that Horowitz et al. compared. Even if micro-
saccades are well correlated with attention,! this selection of
conditions imposes prior odds of 4:1 against finding a benefit of
MC in RT. Therefore, showing that RT is slower for trials with
valid cues and target-incongruent microsaccades than for trials
with invalid cues and target-congruent microsaccades is not
evidence against the direction of the microsaccade reflecting
covert attention, but a consequence of the cue controlling
attention.

EFFECTS OF SPATIAL ATTENTION ON
MICROSACCADES

We propose that both microsaccade direction and RT are reli-
able indicators of covert attention. To this end, we investigated

'We chose p(microsaccade direction|attention) = .75 for illustrative purposes
here. However, this value appears not to be too far off: Our data (see Fig. 1b)
suggest that the true value is somewhere between .69 and .82, depending on
whether we assume perfect attention shifts or probability matching, respec-
tively.
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Fig. 1. Results: (a) microsaccade frequency (unweighted moving-average filter, width = 150 ms) as a function of time and cue

validity, averaged across the saccadic and manual tasks; (b) microsaccade frequency as a function of time, microsaccade-target

congruency, and cue validity (separate graphs for invalid, neutral, and valid cues); and (c) probability of target-congruent

microsaccades in the saccadic task as a function of cue validity and reaction time (centered around individual subjects’ means).

Reaction times were binned for visual presentation in this figzure but were used as a continuous predictor in the generalized

linear mixed models.

the contribution of MC to the RT cue-validity effect and tested
whether RT is sufficient to explain the MC effect. That is, we
examined whether MC uncovers aspects of covert attention that
are not already contained in RT and vice versa.

Method

In a Posner cuing task, each of 6 subjects contributed 312 trials
(156 each from a saccadic localization task and a manual lo-
calization task; proportion of valid:invalid:neutral cues = 4:1:1)
in each of six sessions. The temporal and most spatial aspects of
the tasks were the same as in the experiment by Horowitz et al.
Our analyses are based on 90% of the trials; we excluded trials
containing blinks and trials with incorrect or excessively slow
responses. The MC analyses are based on 3,406 microsaccades
occurring 150 to 500 ms after cue onset on validly or invalidly
cued trials.

We analyzed effects on RT with linear mixed-effects models
and effects on MC with generalized linear mixed models (with a
logit link), using the Ime4 package (Bates & Sarkar, 2000) in the
R environment (R Development Core Team, 2006). In both
models, subjects were specified as a random factor to control
for their associated intraclass correlation (i.e., random intercept
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models—Pinheiro & Bates, 2000; for an application, see
Oberauer & Kliegl, 2006); these kinds of models also tolerate
the necessarily unequal number of validly and invalidly cued
responses.

Results

Figure la shows the microsaccade rate as a function of time from
the cue. The change in microsaccade frequency over time
qualitatively replicates our previous result (Engbert & Kliegl,
2003); there was a temporal correlation between the cue and the
microsaccade rate. Figure 1b shows that there was also a spatial
correlation, as most microsaccades in a critical interval pointed
toward the later target on valid-cue trials, and away from the
target on invalid-cue trials.

Does MC have an effect on RT independent of the effects of
spatial cue and task? In an lme model, MC (b = 6 ms, SE = 1.7
ms), cue validity (b = 81 ms, SE = 2 ms), task (b = 95 ms, SE =
2 ms), and the interaction of cue validity and task (a larger cue-
validity effect in the manual task than in the saccadic task; b =
72 ms, SE = 4 ms) were significant (all ps < .001). Removing
MC or cue validity from the model significantly decreased the
goodness of fit, as indicated by likelihood ratio tests—effect of
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MC: %2(1) = 10.9, p = .0009; effect of cue validity: ¥*2) =
1,442, p < 2.2¢7'°. The standard deviation of average RTs
across subjects was estimated as 25 ms, and the standard de-
viation of residuals was estimated as 42 ms, yielding a sub-
stantial intraclass correlation of .26. Although the MC effect was
13.5 times smaller than the cue-validity effect (and less con-
sistent across subjects), there was a reliable effect of MC on RT.

Can the later-occurring RT account for the earlier MC effect?
In a generalized linear mixed model with binary MC as the
dependent variable, task (b = 1.9, SE = 0.3,z = 5.4, p < .001)
and the task-by-cue-validity interaction (b = 4.0, SE = 0.7,z =
5.6, p <.001) were significant; the cue-validity effect was larger
in the saccadic task (.75 — .25 = .50) than in the manual task
(.68 — .33 = .35). Linear and quadratic components of RT
(centered separately for each subject), specified as nested within
each of the four design cells,” were significant for all cells except
for the combination of invalid cues in the manual task; the
probability of a target-congruent microsaccade always de-
creased as reaction time increased (Fig. 1c depicts this rela-
tionship for validly cued and invalidly cued trials in the
saccadic task, using a quantile representation of RT), but cue
validity had a larger effect. Removing RT components or cue
validity significantly decreased the goodness of fit, as indicated
by likelihood ratio tests—effect of cue validity: x*(2) = 220.3,
p <2.2¢ "% effect of RT: %*(6) = 75.6,p < 2.9¢”*. In summary,
MC indicates effects of covert attention induced by spatial cues,
and it carries some information that is not contained in subse-
quent RT.

CONCLUSION

Microsaccade direction is an implicit but reliable indicator of
spatial attention. Both RT and microsaccade direction are more
directly related to the cue than to each other, but microsaccades
also carry on-line information about the time course of attention
(e.g., Betta & Turatto, 2006). They represent attentional dy-
namics, in addition to attention-unrelated processes of fixation
control (Engbert & Kliegl, 2004) and enhancement of retinal
image slip (Engbert & Mergenthaler, 2006). Their measurement
contributes to research on oculomotor control, visual percep-
tion, and, last but not least, covert attention.
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2The neutral-cue conditions were not included in this analysis because there
is little incentive for observers to spatially shift attention to a random location
on neutral trials, as their performance, on average, will not benefit.
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