
Reviewers' Comments:

Reviewer #1:
Remarks to the Author:
Visual acuity is generally known to be limited by the eye’s optics and anatomy, such as the spacing of 
the photoreceptors on the retina. This study reveals a significant contribution of eye movements to 
Snellen acuity and shows that human microsaccades and drifts can enhance acuity by repositioning 
the image (here, a letter on a Snellen chart) on the retina. The authors convincingly show this by 
capitalizing on their gaze-contingent display set up with the dual-Purkinje image eye tracker, a high- 
resolution and precision machine. Human observer’s (n=7) fixational eye movements were tuned to 
the task, e.g., they showed less frequent microsaccades during the Snellen test than during sustained 
fixation. Importantly, eye movements during the Snellen test were also smaller – with the amplitude 
peak matching the distance between letters – and more directionally selective (rightward shift in the 
reading direction); drift was slower and differed in curvature. After establishing such task tuning in 
fixational eye movements, the authors then quantified the effect of eye movements on acuity by 
comparing visual acuity during retinal stabilization and normal viewing. Acuity was reduced by approx. 
25% across observers during retinal stabilization, equivalent to 2 lines on the Snellen chart.

This is a novel and incredibly important finding that will likely have impact on our scientific 
understanding of visual acuity as well as on clinical practice. The paper is extremely well written, and I 
only have a few comments on issues I felt could be addressed to further improve the paper.

l.37-40: for a reader not well-versed in eye movement vocabulary this can be a dense sentence to 
parse with its multiple parentheses. Consider rephrasing / splitting into two sentences to first explain 
macroscopic gaze shifts (saccades), and then small fixational eye movements.
l.40: I generally find the use of the abbreviation “FEM” unhelpful, perhaps because it is too close to
“FEF” for my taste; it slowed down my reading rather than speeding it up
l.47: “for” these ideas
l.52-54: unclear what this sentence is really saying; in what way are these movements too coarse? 
Fig 1: increase space between panels a and b, the figure looks crowded. Unclear what the significance 
of the vertical pink lines in panel b is – onset of microsaccades?
l.95: tuned “to” the task
l.105 following: this paragraph is a little less intuitive. Whereas the reduction of drift speed in the 
Snellen task makes sense, I am not sure what the significance of curvature of drift is in general. It 
might be helpful to explain this before outlining results (maybe moving the logic outlined in l.123-124 
or l.153 following up?).
l.118: delete “well”
Fig. 4c: can the authors explain the increase in performance at the +25’ eccentricity?
Fig. 4c/d: Overall, there appears to be large individual variability between subjects in terms of 
performance / acuity as a function of eccentricity. Were there any effects of age or other factors that 
might explain these differences?
Discussion: I think there is a missed opportunity here in not pointing out at least the potential relation
between deficits in fixational eye movements (such as square-wave jerks, frequently found in many 
patients with neurological or psychiatric disorders) and acuity. Is there any indication in the literature 
that such a relation might exist? If not, this would certainly be an important future research direction. 
l.302: how was it determined that subjects were emmetropic? Given individual differences, this is 
important information to add.



Reviewer #2:
Remarks to the Author:
In this elegant set of experiments, Intoy and Rucci demonstrated the role of fixational eye movements 
(FEM) in visual acuity, as measured by the Snellen eye chart test. They showed that the distributions 
of FEM amplitudes and directions change during the Snellen task compared to a fixation task, that 
microsaccades move precisely from one optotype to the next, that changes in drift during the Snellen 
task enhance high spatial frequency power, and that gaze stabilization reduces acuity by ~0.15 
logMAR. The execution of the study is exemplary and the data are clear. I also agree with the authors 
that the demonstration that FEMs substantially impact acuity in the Snellen task is of potential clinical 
importance.

My main concern with the way the paper is presented is that I believe it may overemphasize the 
novelty and surprise of the findings:

1. The authors write, “It has remained unclear whether FEMs enhance acuity under natural viewing 
conditions” (line 224). But a recent study (Ratnam et al., 2017, cited by the authors) demonstrated 
impaired acuity when the image was stabilized on the retina, similar to the present study. The studies 
cited to the contrary were from the 1950s/60s and are clearly out of date due to technological 
advances since then.

2. The authors write that small microsaccades are “widely believed not to be controlled” (line 102) or 
“commonly believed not to be controlled” (line 246). These statements are given without references. 
However it is my understanding that the senior author and his colleagues have shown in several high- 
profile papers that microsaccades are precisely controlled. For example, Poletti, Listorti, and Rucci 
(2013) have shown that microsaccades can position stimuli precisely on the retina, at distances down 
to 5 arcmin. And Ko, Poletti, and Rucci (2010) have shown that microsaccades are tuned to a needle 
threading task, and closely track the virtual thread, at a fine spatial scale of apparently <10 arcmin.

3. The authors argue, “one would not expect [the known MS enhancement of high SFs] to apply to 
visual acuity, as the reported characteristics of FEMs … are too coarse” (line 229). It would be helpful 
to cite the papers showing coarse FEMs, and to explain what those FEM characteristics quantitatively 
predict for SF enhancement. But this claim also seems at odds with the previous demonstration that 
FEMs enhance acuity (Ratnam et al., 2017).

Questions:

1. Was the greater directional selectivity during the Snellen test due only to the microsaccades moving 
between optotypes (reading left to right across the row), or were microsaccades within optotypes also 
more directionally selective?

2. Why are some statistical tests reported for group data and some for individual observers? Please 
explain or report both for all tests.

3. Line 89: Why Kuiper’s test instead of K-S test? (which was used in seemingly the same analysis in 
line 113)

4. Line 92: How was the PRL determined?

5. Figure 2c: What kind of binning was done on the “Average Time” axis, or how was the visualization



along that axis created?

6. Figure 4c: Why is the “stabilized” function asymmetrical?

7. Ratnam et al. 2017 propose a model for how FEMs enhance acuity related to the way that the cone 
mosaic samples the drifting image. How does this model relate to the authors’ explanation? This 
should be discussed.

8. It may not be necessary for this report, but I wondered, what are the characteristics of eye 
movements during stabilized viewing? Do they differ from those during normal viewing?

Reviewer #3:
Remarks to the Author:
The key conclusions of this paper are that (1) fixational eye movements (microsaccades and drift; 
FEMs) contribute substantially to measurements of visual acuity in the classical clinical test (the 
Snellen chart), suggesting that they should be measured (or at least considered) in clinical settings, 
and; (2) Fixational eye movements are "tuned" to improve performance on the acuity task, including 
differences in the rates, amplitudes, and directions of microsaccades, and the variance of drift. The 
results are interpreted as evidence for the use of eye-movement-induced temporal modulations to 
improve sensitivity in acuity tasks.

These claims are based on two key sets of comparisons. The first is a comparison of the spatial 
aspects of FEMs during the Snellen task and a traditional fixation condition. The second is a 
comparison of performance with and without stabilization of the Snellen array on the retina (achieved 
via the Rucci lab's well-established techniques).

The results are interesting and their implications are broad, but it isn't clear the extent to which they 
represent a major advance on earlier published work. The authors give a sense of such an advance 
(e.g. by suggesting FEMs were previously generally considered too "coarse"), but it is left relatively 
vague and with un-cited assertions about the prevailaing view in the field. This group has previously 
shown that FEMs have important effects on sensitivity to fine detail through their effects on the 
spatiotemporal content of incoming images. The novel advance here could thus perhaps be clarified.

Moreover, there are methodological and analysis issue that make it difficult to assess the robustness 
of some key results. In particular, the Snellen and Fixation conditions do not seem directly 
comparable. These issues are detailed below.

---

In the first half of the paper, FEMs are compared between the Snellen and fixation conditions. Many 
differences are observed, and they are interpreted as evidence for "tuned" control of FEMs due to the 
need for high acuity in the task. These conditions, however, are different in many important ways, not 
just in the need for high acuity. The comparison seems to entirely be one of apples and oranges. 
Some differences and observations are as follows:

a) Although not stated in the main text, the "fixation task" turns out not to be a separate, comparable 
task (e.g. one that differs only in the need for acuity,) but is rather the initial period of fixation in the 
Snellen task, before the array of optotypes is presented. At a minimum, this should be made clear 
early in the main text, but it could also impact on the oculomotor behaviour observed:



- What if subjects consider that epoch to be less important, as they anticipate the "real" task, and 
maintain less precise fixational control? (the details of how fixation was enforced were also not 
provided). Indeed, although the distribution of microsaccade amplitudes in the Snellen task was 
shifted toward smaller eye movements compared to fixation in *this* data set, it looks very similar to 
those seen during fixation in other studies (e.g. compare with Box 1 in "Microsaccades: a 
neurophysiological analysis" by Martinez-Conde et al., or "Microsaccades during reading" by Bowers 
and Poletti).

Similarly, stimulus and task-related asymmetries in microsaccade directions are also well established. 
The Rucci lab is certainly a world-leader in this area, and thus I expect that there are important 
advances in the result here to be appreciated, but this needs to be made clearer to the reader.

b) The Snellen array is arranged horizontally, and subjects were instructed to report the identity of the 
optotypes one-by-one with a joypad and from left-to-right (this important detail was also not stated 
until the methods). This makes sense - it's consistent with the clinical version of the task - but it is 
probably not surprising that in such a task the FEMs showed a left-to-right preogression. That is, 
again, it might have nothing to do with the need for acuity per se. In comparison, the fixation task is 
radially symmetric. Perhaps the same pattern of FEMs would occur with any task requiring observers 
to shift their average fixation position rightward over time (as was the case in the paper on reading 
cited above).

c) As an indication of how targeted microsaccades were, the authors state that "when the oculomotor 
traces recorded in the Snellen test were randomly replaced by traces of equal duration acquired during 
fixation, the average distance between each optotype and the PRL increased drastically (Fig. 2d)." Do 
they mean the average distance between the PRL and the *nearest* optoptype? I presume so, 
because otherwise I would expect the opposite result.

d) Related to these targeted microsaccades. How does this differ from previous reports of targeted 
microsaccades (e.g. correcting for drift during fixation)? The suggestion is that those observed here 
are much smaller, but as stated above, the advance is asserted to be true without sufficient 
quantitative comparison to earlier findings. For example, as I have noted, the distributions of 
microsaccade amplitudes do not seem much smaller than in earlier work.

Minor points:

- Fig 4. The x-axis is labelled "Acuity loss", but perhaps it would be clearer to lavel this as "optotype 
size"?

- Methods state that blinks were removed, but no details provided.

- Fig 4 caption: "red circles". There is only one red circle data point.



R ep ly t o R eviewer 1

Reviewer 1 gave a posit ive evaluat ion of the manuscript and made several helpful comments on how 
to further improve it . The Reviewer found the \ paper extremely well written "
and the study to provide \ a novel and incredibly important that will likely have impact on
our scienti c understanding of visual acuity as well as on clinical practice." We thank the Reviewer 
for her support ive comments. We have carefully modi ed the manuscript to incorporate all the 
Reviewer's suggest ions, as detailed below.

Lin es 37-40. For a reader not well-versed in eye movement vocabulary this can be a dense sentence 
to parse with its multiple parentheses. Consider rephrasing/ splitting into two sentences to
explain macroscopic gaze shifts (saccades), and then small eye movements.

We agree, this sentence was indeed convoluted. We have revised the text as recommended by the 
Reviewer. Two separate sentences now int roduce eye movements at di erent scales.

Lin e 40. I generally d the use of the abbreviation FEM unhelpful, perhaps because it is too
close to FEF for my taste; it slowed down my reading rather than speeding it up.

We eliminated the abbreviat ion as recommended by the Reviewer. In a few cases, that led to a 
reorganizat ion of the text to avoid long sentences.

Lin e 47. \ for" these ideas. We have rewrit ten the sentence.

Lin es 52-54. Unclear what this sentence is really saying; in what way are these movements too 
coarse?

This is an important issue, which unfortunately was not explained clearly in the previous version of
the manuscript . Our point is that the characterist ics of 
and microsaccades| typically reported by studies in the 
visual acuity.

eye movements| both eye drift
do not seem well-suited to enhance

In terms of ocular drift , the mot ion normally observed during (e.g., Cherici et al., 2012)
delivers luminance modulat ions to ret inal receptors that peak at much lower spat ial frequencies 
than those needed to report st imuli at the limits of visual acuity. An example is given in Figure
2D, which shows how the power of the input signal measured during sustained declines
rapidly in the range relevant to the Snellen test (primarily 30 cycles/ deg for the 20/ 20 line). We 
knew from previous studies (Kuang et al., 2012), that a reduct ion in the drift ' s di usion constant 
(i.e., a slower and more curved drift ) would have the consequence of shift ing power to a higher 
range of spat ial frequencies, so we were interested in determining whether this type of oculomotor 
gain control occurs. Our data show that this is, indeed, the case: humans alter their eye drift s in 
the Snellen test in a way that enhances power in the relevant spat ial frequency range.

In terms of microsaccades, we have previously observed cont rol of microsaccades as small as 200. 
But the distance between the optotypes in a 20/ 20 line is only 100, and it is unclear whether humans
are capable of precisely cont rolling saccades this small. Given that pat tern vision is enhanced
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around the center of gaze (Polet t i et al., 2013) some way of redirect ing the line of sight from one 
optotype to the next seems necessary, either via direct ional drift , larger microsaccades that skip 
optotypes, or smaller, sequent ial microsaccades. We show that the lat ter scenario occurs: humans 
tune down their microsaccades to match the spacing between optotypes.

In the revised manuscript , we have ent irely rewrit ten this sect ion to bet ter explain our assumpt ions 
and the rat ionale for the study. The relevant text is on lines 46-65.

F ig. 1. Increase space between panels a and b, the e looks crowded. Unclear what the signi -
cance of the vertical pink lines in panel b is| onset of microsaccades?

We have increased the space between the panels and reorganized some of the labels to ensure that
the is not overcrowded. The shaded pink regions represent the periods of microsaccades.
We have revised the capt ion to bet ter explain what the various symbols and graphic convent ions 
represent .

Lin e 95. Tuned \ to" the task. We have rewrit ten the sentence.

Lin e 105. This paragraph is a little less intuitive. Whereas the reduction of drift speed in the 
Snellen task makes sense, I am not sure what the signi cance of curvature of drift is in general. 
It might be helpful to explain this before outlining results (maybe moving the logic outlined in lines 
123-124 or line 153 following up?).

Ocular drift changed in two important ways in our experiments. It became slower and curved
more often than during at ion. The two e ects are actually intertwined, because the average
speed on each axis depends on how curved is the t ra jectory. Intuit ively, a change in curvature has 
two primary consequences: it implies that drift t ends to change direct ion more often, ending up 
displacing the line of sight by a smaller amount than a less curved t ra jectory with similar speed. 
And it also implies that the velocity vector changes direct ion frequent ly, e ect ively spreading the 
spat ial power of the optotype on each axis across a broader range of temporal frequencies on the 
ret ina.

More formally, these e ects are well captured by changes in a single parameter| the di usion 
constant , D | in a Brownian mot ion model of drift , a good approximat ion of ocular drift . The 
di usion constant de nes how rapidly the line of sight tends to move away from it s current posit ion, 
thus incorporat ing both the consequences of speed and curvature. In this model, the amplitude of 
the result ing luminance modulat ions on the ret ina can be est imated analyt ically:

Q(k; ! ) =
2jkj2D

jkj4D 2 + ! 2

where Q is the fract ion of the power in the external st imulus at spat ial frequency k = (kx ; ky) 
brought by eye movements to temporal frequency ! on the ret ina. This funct ion peaks at jkj =

w=D . Thus, a smaller di usion constant , as in a more curved drift , enhances the amplitude of 
modulat ions at higher spat ial frequencies.

Given the Reviewer's comment , we have revised this sect ion to make sure that the importance of
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drift curvature is clear to the reader. As suggested by the Reviewer, we qualitat ively describe
the impact of a more curved drift for the ret inal input (last paragraph in the Int roduct ion, lines 
66-68). We then explain more clearly that the di usion constant captures both speed and curvature 
and determines the characterist ics of luminance modulat ions (lines 97-122) and refer back to this 
in analyzing their impact on temporal modulat ions (lines 123-137).

Lin e 118. Delete \ well" . This sentence (now line 101) has been changed as suggested by the 
Reviewer.

F ig. 4c. Can the authors explain the increase in performance at the + 25' eccentricity?

This is an interest ing quest ion to which we do not have a clear answer. The majority of our subjects 
performs bet ter on the last optotype to the right relat ive, for example, to the adjacent one (the
optotype at 150 eccent ricity). However, this e is stat ist ically signi cant in only 2 subjects;
across the populat ion, comparison between proport ions correct at the two ext reme of the Snellen 
line ( 250 and + 250) is not signi cant ly di erent .

We do not have a clear explanat ion for this t rend in the data, but we can speculate that a number
of factors are at play. One considerat ion is that the and last optotypes are a ected by less
crowding than the others, which should facilitate ident i cat ion| although evidence of crowding in 
the fovea is somewhat con ict ing (Pelli and Tillman, 2008; Levi, 2008). This e ect may combine 
with asymmetries in cone density dist ribut ions, which appears to be higher in the nasal ret ina 
(Curcio et al., 1990, ; the posit ive eccentricit ies in our study), as well as in the allocat ion of 
at tent ion, given the elongated rightward at tent ional span present in left -to-right readers (Rayner 
et al., 2010). We have commented on this issue on page 14 of the revised manuscript .

F ig. 4c/ d . Overall, there appears to be large individual variability between subjects in terms of 
performance/ acuity as a function of eccentricity. Were there any e ects of age or other factors 
that might explain these di erences?

To clarify: we assume the Reviewer refers to the data measured under ret inal stabilizat ion, when the
eccent ricity of each optotype remained on the ret ina. In the normal, unstabilized condit ion,
the optotypes moved on the ret ina and performance was more or less uniform across eccent ricity.

Perhaps, part of the issue here is that the overall impact of ret inal stabilizat ion (the average over 
eccentricity) varied across subjects. While all subjects exhibited signi cant ly reduced performance 
under ret inal stabilizat ion, some were more st rongly a ected than others. Once these global dif- 
ferences are discounted, the individual changes with eccent ricity were less st riking, as shown in 
Fig. 4d, with all subjects exhibit ing enhanced performance for the optotypes closest to the very
center the gaze (those at 50).

Individual di erences, however, do persist : some subjects perform bet ter in the nasal hemi eld 
( 50) and others in the temporal one (+ 50), plus clear di erences occur in performance for the last 
optotype (+ 250). These di erences do not seem to be caused by obvious factors. All our subjects 
were in a relat ively narrow age range and possessed at least 20/ 20 acuity, as measured by a standard 
Snellen test . We also did not not ice any clear sex di erence. The most likely conclusion is that
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these di erences may be related to individual pat terns of sensit ivity and/ or individual capabilit ies 
in allocat ing at tent ion across the foveola. We now comment on this issue on page 14 of the Result s.

D iscu ssion . I think there is a missed opportunity here in not pointing out at least the potential
relation between de cits in eye movements (such as square-wave jerks, frequently found
in many patients with neurological or psychiatric disorders) and acuity. Is there any indication in 
the literature that such a relation might exist? If not, this would certainly be an important future 
research direction.

We fully agree with the Reviewer that this is an interest ing implicat ion of our study and have 
expanded the text to discuss the possible relat ion between de cit s in visual acuity and
cont rol. On page 19 of the Discussion, we now note that abnormal eye movements and
impairments in spat ial vision co-occur in various condit ions, including amblyopia, congenital
nystagmus and Parkinson's disease, to ment ion a few cases. While abnormal xat ional eye move- 
ments can take many forms, including larger drift s, oscillatory movements, saccadic int rusions, 
and increased rates of square wave jerks, they all appear to be frequent ly accompanied by reduced 
acuity. The nature of the link between oculomotor behavior and visual funct ions at this scale has 
been under-invest igated, and our result s st ress the need to examine this coupling in greater depth.

l.302. How was it determined that subjects were emmetropic? Given individual di erences, this is 
important information to add.

Part icipants were screened with a standard Snellen eye chart test before the beginning of the 
experiments. They were determined to be emmetropic, if they were able to correct ly report at least
6 of the 8 optotypes on the 20/ 20 line of a Snellen chart . As in the actual experiments, subjects
viewed the st imuli monocularly with the right eye, while the left eye was patched. We updated the 
text on page 22 of the Methods to provide a more detailed descript ion of the procedure.
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R ep ly t o R eviewer 2

Reviewer 2 found the \ set of experiments elegant", \ the execution of the study exemplary", and 
"the data clear". He/ she agrees that \ the demonstration that FEMs substantially impact acuity in 
the Snellen task is of potential clinical importance." The Reviewer's main concern is with the way
the paper is presented, as \ it may overemphasize the novelty and surprise of the dings."

We thank the Reviewer for the thought ful reading of the manuscript . We realize that , in our e ort 
to be concise, we ended up sacri cing the explanat ions of the novelty and signi cance of our result s. 
In this resubmission, we have thoroughly revised the manuscript to clarify both the importance
of our and how they relate to the previous literature. All the Reviewer's comments were
incorporated in the revised text , as explained in detail below.

In brief, our study is important for two primary reasons: (1) because it reveals new types of 
oculomotor control; and (2) because it quant i es how much these behaviors joint ly cont ribute to 
the outcome of the most common test of visual acuity, the Snellen test . This test is rout inely used 
worldwide, but oculomotor in uences are virtually never considered.

Regarding oculomotor cont rol: The Reviewer's report focuses on microsaccades, one of the two
main types of eye movements; we explain below how our claims on microsaccades add
to the current knowledge in the literature. However, in terms of oculomotor cont rol, the most
suprising 
of

ing of our study is not on microsaccades, but on ocular drift , the other main type 
behavior. We show that ocular drift is cont rolled in a way that is funct ional to the

task. Cont rol of drift has long been speculated (e.g., Steinman et al. (1973)) and it is known that
vest ibulo-ocular movements can extend to this small scale (Polet t i et al., 2013). P revious studies 
have shown that humans are sensit ive to the luminance modulat ions result ing from ocular drift 
(e.g., Rucci et al. (2007)), so act ive, task-dependent cont rol of ocular drift would be bene cial. 
However, experimental evidence for this has remained elusive. Here we show that humans act ively 
tune their drift in the Snellen test , enhancing the amplitude of temporal modulat ions on the ret ina 
in the frequency range relevant to the task. This result , as well as the act ive tuning of microsaccades 
to a scale much smaller than previously reported (point 2 below in this let ter), represent important 
novel

Regarding the oculomotor cont ribut ions to Snellen acuity: our study builds upon the work by Ro- 
orda and colleagues, who recent ly reported reduced performance with high-acuity st imuli viewed 
in the absence of ret inal image mot ion (Ratnam et al., 2017). These authors examined the per-
centage of correct responses with an isolated| i.e., uncrowded| xed-size optotype. They did not
measure the acuity loss result ing from lack of visuomotor consequences| how much the optoptype 
should be enlarged to maintain performance| , nor how much eye movements account for acuity 
in a standard (crowded) Snellen chart . Furthermore, in this very interest ing previous study, the
st imulus was kered at low temporal frequency bypassing the eye opt ics. However, earlier clas-
sical studies that used more natural st imulat ion reached opposite conclusions, leaving open the 
quest ion of whether eye movements a ect performance during normal execut ion of standard acuity 
test s. Here, we build upond this previous literature in two ways: (1) by showing that cont rary

5



to the classical lit erature and extending Roorda's eye movements play an important role
in standard acuity measurements, when st imuli at the limits of visual acuity are viewed normally 
through the eye opt ics; and (2) by quant ifying in terms of acuity how much eye movements actually 
cont ribute to the outcome of a Snellen eye-chart test , the most common visual test .

We believe these result s, both the quant i cat ion of oculomotor cont ribut ions to Snellen acuity and 
the nding of novel forms of cont rol that enable these e ects, represent important advances in the

1. St u d y by R a t n am et a l, 2017. The authors write, \ It has remained unclear whether FEMs 
enhance acuity under natural viewing conditions" (line 224). But a recent study (Ratnam et al., 
2017, cited by the authors) demonstrated impaired acuity when the image was stabilized on the 
retina, similar to the present study. The studies cited to the contrary were from the 1950s/ 60s and 
are clearly out of date due to technological advances since then.

This sentence was ambiguous| it was not our intent ion to diminish the importance of Ratnam 
et al (2017), which was, in fact , also cited in the sentence immediately preceding this one. We 
have completely rewrit ten this sect ion to remove ambiguity and explain how our work relates to 
the previous literature. In the new version of the manuscript , three new paragraphs replace this 
sect ion (paragraphs 5-7 in the Discussion, pages 17-19).

The paragraph reviews the previous literature. We agree with the Reviewer that the studies
by Cornsweet and Tulenay-Keesey are now outdated because of the recent technological advances 
(Riggs et al., 1953; Tulunay-Keesey, 1960), and we point that out in the following paragraph. 
However, these two papers are the only ones we know that examined the impact of ret inal image 
mot ion at the limits of visual acuity with stat ionary external st imuli normally viewed through the 
eye opt ics. These papers are also important to cite from a historical perspect ive, because they led
to the long-standing belief that small eye movements play lit t le role in spat ial vision.

The second paragraph focuses on signi cance of our dings and how they relate to the more recent
literature, part icularly the work by the Roorda's group. The third paragraph discusses possible 
mechanisms underlying these result s, ment ioning both the model put forward in Ratnam et al.
(2017) (Reviewer's point 7, below) and the idea of temporal tuning of the visual w onto the
ret ina. We have have also expanded the Int roduct ion to bet ter explain how our current result s go 
beyond the current lit erature.

2. R ole of m icr osaccad es. The authors write that small microsaccades are widely believed not to 
be controlled (line 102) or commonly believed not to be controlled (line 246). These statements are 
given without references. However it is my understanding that the senior author and his colleagues 
have shown in several high-pro le papers that microsaccades are precisely controlled.

We thank the Reviewer for point ing out this issue| the text did not make su cient ly clear that we 
were referring to very small microsaccades. P revious work from our laboratory has indeed shown 
that microsaccades tend to be precisely directed. Crit ically, however, this degree of cont rol has 
always been observed for microsaccades in larger amplitude ranges than those present in this study,
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as explained in detail below. Here we show that subjects are capable of select ively narrowing their 
microsaccade dist ribut ions to much smaller amplitude ranges than those reported in our previous 
studies, and that even the smallest microsaccades are precisely cont rolled. This is important because 
it raises the hypothesis that subjects unable to precisely cont rol microsaccades this small may have 
reduced acuity.

For example, Poletti, Listorti, and Rucci (2013) have shown that microsaccades can 
position stimuli precisely on the retina, at distances down to 5 arcmin. And Ko, Poletti, 
and Rucci (2010) have shown that microsaccades are tuned to a needle threading task,
and closely track the virtual thread, at a spatial scale of apparently < 10 arcmin.

In both these previous studies, microsaccades were considerably larger, with average amplitudes of
200. In hindsight , we now see that these experiments were not suited to examine the smallest

microsaccades because of the elongated nature of the st imuli used in these tasks (a horizontal bar 
in Ko et al, 2010; two vert ical bars in Polet t i et al. (2013)). These st imuli did not require subjects 
to execute very small microsaccades and also did not allow assessment of the precision of these 
movements.

In Polet t i et al. (2013), exceedingly few microsaccades had amplitudes around 100 (their supple-
mentary S3A). Note that , when the eccent ricity of the st imuli was reduced, microsaccades
remained larger and became less frequent (Fig. S4). In Ko et al. (2010), microsaccades did become 
smaller as the thread approached the needle, but the average amplitude at the end of the task was 
st ill close to 200 (Fig. 3 in Ko et al. (2010)), which matched the microsaccade amplitude measured
from the same observers during sustained (Fig. 2). In this study, microsaccades of only
100 or less did occasionally occur, and their frequency increased a bit as the thread approached
the needle (Fig. 3b), suggest ing that also these small movements were targeted. But given the 
con gurat ion of the st imulus (the long horizontal thread) and that these movements were most ly 
horizontal, it was not possible to determine if that was the case and how precise they were.

For all these reasons, we were surprised to learn that precisely cont rolled saccades of only 100 play
a funct ional role in the Snellen test . We can see how, given the previous literature, this may
come across as less st riking than the cont rol of ocular drift . However, it reveals an important type 
of motor cont ribut ion to the outcome of the Snellen test . We have revised the text to clarify how 
our result s build upon the previous literature. The pert inent paragraphs in the Int roduct ion (lines 
62-65) and the Discussion (lines 318-334) have been rewrit ten. In the Result s, we have moved the 
sect ion on microsaccades to follow the analysis of drift in order to give more importance to the 
lat ter. We also remind the reader of the di erences of these result s relat ive to the previous reports 
on page 13 in the Result s sect ion.

3. E ye m ovem ent s ar e t oo coar se. The authors argue, one would not expect [the known MS 
enhancement of high SFs] to apply to visual acuity, as the reported characteristics of FEMs are too 
coarse (line 229). It would be helpful to cite the papers showing coarse FEMs, and to explain what
those FEM characteristics quantitatively predict for SF enhancement. But this claim also seems at
odds with the previous demonstration that FEMs enhance acuity (Ratnam et al., 2017).
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We apologize for this issue. This was a crit ical passage in the text ; it was supposed to explain the 
rat ionale for the study, but we realize that it remained very unclear. We have ent irely rewrit ten
this sect ion in the revised manuscript .

Our point is that the characterist ics of 
typically reported by studies in the

ional eye movements| both eye drift and microsaccades| 
do not seem well-suited to enhance visual acuity.

In terms of ocular drift , the mot ion normally observed during xat ion (e.g., Cherici et al. (2012)) 
delivers luminance modulat ions to ret inal receptors that peak at much lower spat ial frequencies 
than those needed to report st imuli at the limits of visual acuity. An example is given in Figure
3D, which shows how the power of the input signal measured during sustained declines
rapidly in the range relevant to the Snellen test (primarily 30 cycles/ deg for the 20/ 20 line). We 
knew from previous studies (Kuang et al., 2012), that a reduct ion in the drift ' s di usion constant 
(i.e., a slower and more curved drift ) would have the consequence of shift ing power to a higher 
range of spat ial frequencies. Given the result s from Kuang et al. (2012) and those from Ratnam 
et al. (2017), we were interested in determining whether this type of oculomotor gain cont rol occurs. 
Our data show that this is, indeed, the case: humans alter they eye drift s in the Snellen test in a 
way that enhances power in the relevant spat ial frequency range.

In terms of microsaccades, as explained above, we have previously observed cont rol of microsaccades 
as small as 200. But the distance between the optotypes in a 20/ 20 line is only 100, and it is 
unclear whether humans are capable of precisely cont rolling saccades this small. Given the select ive 
enhancement around the preferred ret inal locus that we have previously observed (Polet t i et al.,
2013) some way of moving the preferred locus from one optotype to the next seems necessary, either 
via direct ional drift , larger microsaccades that skip optotypes, or smaller, sequent ial microsaccades. 
We show that the lat ter scenario occurs: humans tune down their microsaccades to match the 
spacing between optotypes.

These issues are now described in the last two paragraphs of the Int roduct ion, which explain the 
rat ionale and goals of the study. They are then addressed in deeper detail in several points of the
Discussion, in discussing the consequence of oculomotor cont rol (second and third paragraphs)
and then in describing the consequences on the ret inal input (pages 15-16).

Q u est ion s:

1. Was the greater directional selectivity during the Snellen test due only to the microsaccades mov- 
ing between optotypes (reading left to right across the row), or were microsaccades within optotypes 
also more directionally selective?

The direct ional bias was much weaker when we rest ricted our analysis to microsaccades smaller 
than 100 that maintained gaze within optotypes. In most subjects, the result ing dist ribut ions did 
not show any direct ional select ivity. On average across subjects, the microsaccade dist ribut ion was 
slight ly asymmetric with a preference toward the right , but this bias was weak (Fig. 1a below). 
These result s suggest that smaller microsaccades were used to explore individual optotypes. How-
ever, we could not any clear relat ion between the direct ion of these microsaccades and the
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orientat ion of the optotype it self. We have commented on this point on lines 204-207 of the revised 
manuscript .

2. Why are some statistical tests reported for group data and some for individual observers? P lease 
explain or report both for all tests.

All e ects are reported as group stat ist ics with the probability values and stat ist ical details given
in the For the most important result s, such as the change in di usion constant and loss
of acuity, we also report individual stat ist ics in the text to point out that these are very robust 
e ects that are visible in the data from each individual subject . We added a note in the Methods 
to clarify this (lines 531-533).

3. Lin e 89: Why Kuiper ' s test instead of K-S test? (which was used in seemingly the same
analysis in line 113)

The K-S test is not circularly invariant and, therefore, cannot be direct ly applied to circular dist ri- 
but ions. Kuiper's test is closely related to the K-S test and is circularly invariant . It , thus, seems 
a more suited stat ist ical test for comparing the dist ribut ions of microsaccade direct ions measured 
in di erent condit ions. We now comment on this on lines 558-561 of the Methods.

4. Lin e 92: How was the PRL determined?

By preferred ret inal locus of we mean the center of gaze as est imated by our gaze-cont ingent
procedure. As in our previous studies, we used a gaze-cont ingent calibrat ion procedure in which 
the est imated locat ion of gaze was displayed in real-t ime, and subjects iterat ively eliminated o sets 
using a joypad. We have previously shown that this procedure great ly reduces the dispersion of 
gaze localizat ion relat ive to standard calibrat ion procedures (Polet t i and Rucci, 2016). Note that 
this procedure does not allow us to know where the PRL is located on the observer's ret ina, but 
it does determine quite accurately the locat ion on the monitor from which this region receives 
visual st imulat ion. We have modi ed the text to explain the terminology and bet ter explain the 
calibrat ion procedure (lines 469-476).

5. F igu r e 2c: What kind of binning was done on the \ Average Time" axis, or how was the
visualization along that axis created?

Like in a normal eye exam, no t ime limits were posed on the complet ion of the task. As a conse- 
quence, each subject proceeded at their own pace, with some subjects taking substant ially longer 
than others. The t ime axis in Fig. 3d (former Figure 2c) discounts this individual variability by

normalizing each t rial by it s own durat ion. We then binned the data by subdividing the nor-
malized t ime into six consecut ive intervals with equal durat ion. The t ime reported on the y axis
of the represents the average t ime across all data points in the corresponding bin. We have
modi ed the text in lines 561-567, to clarify the procedure.

6. F igu r e 4c: Why is the \ stabilized" function asymmetrical?

This is an interest ing quest ion to which we do not have a clear answer. The majority of our subjects 
performs bet ter on the last optotype to the right relat ive, for example, to the adjacent one (the
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optotype at 150 eccent ricity). However, this e is stat ist ically signi cant in only 2 subjects;
across the populat ion, comparison between proport ions correct at the two ext remes of the Snellen 
line ( 250 and + 250) is not signi cant ly di erent .

We do not have a clear explanat ion for this t rend in the data, but we can speculate that a number
of factors are at play. One considerat ion is that the and last optotypes are a ected by less
crowding than the others, which should facilitate ident i cat ion| although evidence of crowding in 
the fovea is somewhat con ict ing (Pelli and Tillman, 2008; Levi, 2008). This e ect may combine 
with asymmetries in cone density dist ribut ions, which appears to be higher in the nasal ret ina 
(Curcio et al., 1990, the posit ive eccent ricit ies in our study), as well as in the allocat ion of at tent ion, 
given the elongated rightward at tent ional span present in left -to-right readers (Rayner et al., 2010). 
We have commented on this issue on page 14 of the revised manuscript .

7. Ratnam et al. 2017 propose a model for how FEMs enhance acuity related to the way that the 
cone mosaic samples the drifting image. How does this model relate to the authors explanation? 
This should be discussed.

We have added a paragraph on page 18 of the Discussion. The two models are not mutually 
exclusive, but they rely on somewhat di erent principles: the sequence of slight ly shifted ret inal 
images for Ratnam et al. (2017) and the spat iotemporal dist ribut ion of power in the luminance 

w to the ret ina in our proposal. The proposal by Ratnam is, perhaps, bet ter suited than ours to 
explain results obtained with sequences of ashes at relat ively low temporal frequencies (as in their 
experiments). But with naturally stat ionary st imuli both proposals can work and the redist ribut ion 
of power we report{which is equivalent to an enhancement in cont rast | is unavoidable on the ret ina.

8. It may not be necessary for this report, but I wondered, what are the characteristics of eye 
movements during stabilized viewing? Do they di er from those during normal viewing?

Eye movements under ret inal stabilizat ion were similar to those observed during normal viewing. 
The main not iceable di erence was in the span of drift , which was larger in the stabilized condit ion 
(see Fig. 1b below), but well within the range in which it can be accurately counteracted by our 
stabilizat ion apparatus. We have not included these data in the revised manuscript , but we will be 
glad to do so if the Reviewers think they can be useful to readers.
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Figure 1: E ye m ovem ent ch ar act er ist ics. (a ) Direct ional dist ribut ion of microsaccades smaller 
than 100 that maintained gaze on an optotype. Only a weak bias to the right was present (50% 
reduct ion in the percentage of rightwards microsaccades; p = 0:0026; two-tailed paired t-test ). 
(b ) Eye movements under ret inal stabilizat ion. Drift was faster and less curved under ret inal 
stabilizat ion, as shown by the increase in di usion constant . The result ing speed (mean 0.87 / s) 
was well within the range in which our apparatus guarantees accurate stabilizat ion. In both panels, 
data represent mean and SEM across subjects. Triangles represent individual subjects data.
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R ep ly t o R eviewer 3

Reviewer 3 found our result s to be \ interest ing and their implicat ions broad", but noted that 
their novelty needs to be clari ed. The Reviewer also commented on several aspects related to 
the analysis and characterist ics of eye movements. This lat ter set of comments focuses speci cally 
on one of our conclusions (the tuning of eye movements) without impinging on the other main 
contribut ion of the study (the quant i cat ion of oculomotor in uences to acuity). In the e ort to 
address all the points raised by the Reviewer, we have rewrit ten large sect ions of the text and 
int roduced new experimental data. This let ter explains in detail our changes.

N ovel ad van ce. \ It isn' t clear the extent to which [these results] represent a major advance on 
earlier published work. The authors give a sense of such an advance (e.g. by suggesting FEMs
were previously generally considered too "coarse"), but it is left relatively vague and with un-cited
assertions about the prevailing view in the This group has previously shown that FEMs have
important e ects on sensitivity to detail through their e ects on the spatiotemporal content of
incoming images. The novel advance here could thus perhaps be clari ed."

We realize that the manuscript should have done a bet ter job in explaining the signi cance and 
novelty of the results. In this resubmission, we have thoroughly revised the text to ensure that the 
novel advances as well as the rat ionale for the study are clear. In brief, there are two major novel 
advances int roduced by this study: (a) the observat ion of highly speci c tuning in eye movements, 
both ocular drift and microsaccades; and (b) the assessment of oculomotor cont ribut ions to visual 
acuity.

Regarding the point : we report that , when confronted with st imuli at the limits of visual
acuity, humans (a) act ively tune their ocular drift , and (b) perform targeted microsaccades at a 
scale much smaller than previously observed (see below in this let ter for a detailed explanat ion
of the microsaccade The result s on drift are part icularly st riking as they provide the

demonstrat ion that ocular drift is controlled in a way that is funct ional to the task. Act ive 
task-dependent control of eye drift has long been speculated (e.g., Steinman et al., 1973) but 
experimental evidence has remained elusive. P revious studies with st imuli in intermediate spat ial 
frequency ranges| far from resolut ion limits (e.g., Rucci et al., 2007; Boi et al., 2017)| have shown 
that humans are sensit ive to the luminance modulat ions result ing from ocular drift , but these 
modulat ions normally peak at much lower spat ial frequencies than those needed to report st imuli 
at the limits of visual acuity (Fig. 2d). Here we show that observers act ively cont rol their drift in 
the Snellen test , enhancing the amplitude of temporal modulat ions on the ret ina in the frequency 
range relevant to the task.

Regarding the second point : Our indicate that high visual acuity is not a purely visual
accomplishment but the outcome of a visuomotor process that requires act ive motor control. This 
observat ion rede nes what the Snellen test actually measures. The Snellen eye chart is arguably 
the most common visual test ; it is rout inely used worldwide both in clinical and scient i c set t ings. 
The outcome of this test is t radit ionally regarded as an evaluat ion of the quality of the eye opt ics,
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and oculomotor in uences are virtually never considered. Our study shows that normally tuned 
eye movements play a crit ical role: they are responsible for at least 0.15 logMAR, two lines of the 
Snellen chart .

Both set of result s represent important novel cont ribut ions. In addit ion to advancing current 
knowledge on the cont rol processes and visual funct ions of eye movements, they also have important
clinical implicat ions, as they suggest that subopt imal cont rol of eye movements may lead
to reduced acuity. In this revision, we have modi ed extensively the manuscript to highlight the 
most important messages, explain the signi cance of our result s, and clarify how they advance the 
literature. The last three paragraphs in the Int roduct ion now provide the background and describe
the rat ionale of the study. The eight paragraphs in the Discussion relate our result s to the
literature and explain their novelty.

Tu n in g of eye m ovem ent s. The Reviewer made several comments on the characterist ics of eye 
movements and how we reached the conclusion that they are tuned. Most of these comments focus 
primarily on microsaccades and are addressed in detail below. In addit ion to the changes listed 
here, we have also moved the results on drift to precede those on microsaccades. This was done 
to ensure that the order of presentat ion of the materials does not take the reader's at tent ion away
from the related to ocular drift , which we think provide the most surprising aspects of
oculomotor tuning.

\ In the half of the paper, FEMs are compared between the Snellen and conditions.
Many di erences are observed, and they are interpreted as evidence for " tuned" control of FEMs 
due to the need for high acuity in the task. These conditions, however, are di erent in many 
important ways, not just in the need for high acuity. The comparison seems to entirely be one of 
apples and oranges. Some di erences and observations are as follows: "

Sustained on on a marker is the condit ion used by most studies on eye movements.
In looking for a reference to use as comparison, it makes sense to start from the most common 
condit ion. However, we do agree with the Reviewer that adding other baselines would st rengthen 
our claims and have now included new data sets, as explained below. We have also revised the 
text to emphasize that mult iple observat ions (e.g., the microsaccade peak amplitude matching the 
optotypes spacing, the landing distance of microsaccades, etc.) stand on their own and do not 
depend on comparisons with external references.

a) Although not stated in the main text, the " xation task" turns out not to be a separate, comparable 
task (e.g. one that di ers only in the need for acuity,) but is rather the initial period of
in the Snellen task, before the array of optotypes is presented. At a minimum, this should be made
clear early in the main text, but it could also impact on the oculomotor behaviour observed:

| What if subjects consider that epoch to be less important, as they anticipate the "real" task, and
maintain less precise control? (the details of how was enforced were also not
provided).
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The Reviewer raises an interest ing point . The experiments were designed in this way (with 
preceding Snellen) because all our previous separate at tempts to ident ify ant icipatory task in uences 
on ocular drift have always given negat ive result s. However, we agree with the Reviewer that , in
principle, the characterist ics of eye movements during the init ial ion period could be a ected
by ant icipat ion of the subsequent Snellen task. If present , such e ects, may act as confounds.

Given the Reviewer's concerns, our resubmission contains three new sets of experimental data. 
First , we now report the result s of a separate, stand-alone cont rol experiment in which subjects
were explicit ly asked to maintain very accurate In this condit ion, was maintained
for the ent ire durat ion of the t rial and was not followed by the Snellen task. As shown in Supple- 
mentary Figure S1, each individual observer cont inued to exhibit signi cant ly larger eye drift s and 
microsaccades relat ive to the Snellen test , even though, paradoxically, all they were asked to do 
was to maintain steady gaze on a dot .

Second, we have added baseline comparisons from two larger pools of subjects, who, in separate
dedicated experiments, either maintained on a dot for the ent ire t rial durat ion (no other
task) or freely examined images of natural scenes. These subjects did not undergo the Snellen 
test and within-subject stat ist ics was not possible. But comparisons between subject populat ions 
con rm tuning of both drift s and microsaccades in the Snellen test .

Third, we have included results of a cont rol experiment in which we compared eye movements when 
subjects performed two di erent tasks with the 20/ 20 line: (a) the standard Snellen task in which 
subjects reported the orientat ion of each optotype, as in our main experiment ; and (b) a judgment 
on the orientat ion of the ent ire line, whether the line was t ilt ed by 4 clockwise or counter-clockwise. 
In this experiment , the st imuli presented in the two condit ions were ident ical, but only the
task required high visual acuity. In keeping with the other result s, we show that every individual
subject exhibited smaller microsaccades and drift s in the Snellen task (Supplementary Figure S2). 
These data further support our conclusion that humans tune their eye movements to reach high 
visual acuity.

The manuscript has been modi ed in mult iple points to incorporate these new data. The most 
important changes are on pages 9-12 of the Result s where the new result s are reported and on 
pages 25-26 of the Methods, where the control experiments are described. Two new supplementary 
Figures have been included (Figs. S1 and S2). We have also revised the manuscript to add details
about the task (Methods, page 25) and to state upfront that the Fixat ion condit ion data
in Figs. 2 and 3 refers to data collected during the init ial port ion of the each t rial (lines 83-85).

Indeed, although the distribution of microsaccade amplitudes in the Snellen task was shifted to-
ward smaller eye movements compared to in *this* data set, it looks very similar to those
seen during in other studies (e.g. compare with Box 1 in "Microsaccades: a neurophys-
iological analysis" by Martinez-Conde et al., or "Microsaccades during reading" by Bowers and 
Poletti). Similarly, stimulus and task-related asymmetries in microsaccade directions are also well 
established. The Rucci lab is certainly a world-leader in this area, and thus I expect that there are 
important advances in the result here to be appreciated, but this needs to be made clearer to the
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reader."

It was not our intent ion to come across as implying that microsaccades this small have never been 
observed. Microsaccades vary considerably in amplitude across observers, and classical studies 
reported ext remely small amplitudes, as remarked by the Reviewer. Our main point here is not
about the existence of such small saccades, but the ng that they are precisely directed to
an extent not previously reported. The microsaccade amplitude dist ribut ion in Fig. 3 is shown 
primarily to observe that microsaccades in the Snellen task match the spacing between optotypes. 
The more important observat ion comes later, when we show that these small microsaccades shift 
gaze from one optotype to the next . We have revised the text to avoid possible ambiguity and 
added references to other review art icles on microsaccades. The relevant material is on the second 
and third paragraphs in lines 318-334.

b) The Snellen array is arranged horizontally, and subjects were instructed to report the identity 
of the optotypes one-by-one with a joypad and from left-to-right (this important detail was also not 
stated until the methods). This makes sense| it' s consistent with the clinical version of the task| 
but it is probably not surprising that in such a task the FEMs showed a left-to-right progression.
That is, again, it might have nothing to do with the need for acuity per se. In comparison, the

task is radially symmetric. Perhaps the same pattern of FEMs would occur with any task
requiring observers to shift their average position rightward over time (as was the case in
the paper on reading cited above).

We are not sure we follow the Reviewer's comment , perhaps there has been a been a misunderstand- 
ing here.1 We fully agree with the Reviewer that several factors| some unrelated to acuity| could 
contribute to the left -to-right progression. But this is marginal to our claims; we are certainly not 
arguing that we understand all the factors responsible for this sequence. Our main observat ions 
are that , irrespect ive of it s causes, this behavior is: (a) funct ionally relevant ; and (b) mediated by 
targeted microsaccades at a smaller scale than previously reported (see reply to the following point , 
below).

The funct ional importance of the microsaccade sequence is highlighted by the acuity impairments 
observed when the sequence is disrupted, as under ret inal stabilizat ion, when the mot ion of the 
st imulus counteracts the visual consequences of eye movements on the ret ina. The larger impair- 
ment at larger foveal eccent ricit ies (Fig. 4d) likely follows from the impossibility to recenter gaze 
via microsaccades.

To further corroborate the importance of this behavior, in this resubmission we have added the
result s of another cont rol experiment in which subject were asked to maintain at the center
of the monitor during execut ion of the Snellen test . These new data con rm that performance drops 
considerably when subjects do not implement their normal microsaccade st rategy. These
are important because they suggest possible acuity impairments in observers who are not capable of
execut ing sequences of microsaccades this small. The new data are summarized in Supplementary

0 To eliminat e one possible point of confusion: in t he Bowers and Polet t i art icle ment ioned by the Reviewer, 
microsaccades were primarily leftwards, not rightwards.

15



Figure S3. We have also revised the text on page 14 to eliminate possible ambiguity and emphasize 
the relevant aspects of this behavior, part icularly it s consequences.

c) As an indication of how targeted microsaccades were, the authors state that "when the oculomotor 
traces recorded in the Snellen test were randomly replaced by traces of equal duration acquired during

the average distance between each optotype and the PRL increased drastically (Fig. 2d)."
Do they mean the average distance between the PRL and the *nearest* optoptype? I presume so, 
because otherwise I would expect the opposite result.

We have revised the sect ion to include the analysis suggested by the Reviewer and bet ter explain 
our result s. The new Fig. 3e (which replaces former Fig. 2d) reports the landing distance relat ive
to the closest optotype averaged across all microsaccades. This was achieved by determining,
for every microsaccade, the distance to the closest optotype, and then averaging this distance
across all microsaccades. Data points in the represent averages of these mean values across
subjects. The compares the mean landing distance measured in the Snellen task to those
obtained when microsaccades were (a) subst ituted by microsaccades randomly selected from the
pool recorded during and (b) randomly permutated across all the Snellen microsaccades.
In both cases, the new microsaccade was posit ioned so to possess the same start ing locat ion as the 
original one.

The revised text (but not the also reports the result s of analyses in which, for every optotype,
we est imated the closest microsaccade landing and then averaged across all optotypes. This analysis
focuses on the most e ect ive microsaccade for each optotype, whereas the one described above 
quant i es how targeted microsaccades are on average. They give similar outcomes: in both cases, 
distances increase when the Snellen microsaccades are randomly replaced by those executed during

or when the Snellen microsaccades are randomly permutated. These result s indicate that
microsaccades are e ect ive in bringing gaze close to the optotypes. The relevant text is in lines 
190-204 of the revised manuscript .

\ d) Related to these targeted microsaccades. How does this di er from previous reports of targeted
microsaccades (e.g., correcting for drift during The suggestion is that those observed
here are much smaller, but as stated above, the advance is asserted to be true without su cient
quantitative comparison to earlier For example, as I have noted, the distributions of
microsaccade amplitudes do not seem much smaller than in earlier work."

To avoid possible confusion: the quest ion here is not whether microsaccades of 100 occur, but their 
landing accuracy relat ive to the target . We are not aware of any previous study report ing precisely 
targeted microsaccades at this scale. Examinat ion of microsaccade accuracy requires localizat ion of 
the line of sight on the st imulus. Because of the uncertainty inherent in standard methods for gaze 
localizat ion| typically around 1 | most previous studies from other laboratories did not possess 
the resolut ion necessary for examining the precision of saccades this small.

Our result s rely on gaze-cont ingent calibrat ion techniques speci cally designed, over the course of 
a decade, to enable accurate localizat ion of the line of sight . These methods have been shown to
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reduce uncertainty in gaze localizat ion by approximately one order of magnitude (Ko et al., 2016). 
Using similar methods, two previous studies have observed precisely targeted microsaccades (Ko 
et al., 2010; Polet t i et al., 2013). However, in both these studies, the tasks did not require gaze shift s 
as small as the ones observed in the Snellen test , and microsaccades were considerably larger, with
average amplitudes of 200. In Polet t i et al. (2013), exceedingly few microsaccades had amplitudes
around 100 (Fig. S3A in Polet t i et al., 2013). In Ko et al. (2010), microsaccades became smaller as
the thread approached the needle, but the average amplitude at the end of the task was st ill close 
to 200 (Fig. 3 in Ko et al., 2010), which matched the microsaccade amplitude measured from the 
same observers during sustained xat ion (Fig. 2 in Ko et al., 2010). Given this previous literature, 
we were surprised to learn that (a) the Snellen test would elicit frequent microsaccades of only 100;
(b) that these microsaccades are precisely directed; and (c) that they play a funct ional role in the 
test outcome.

We have modi ed the manuscript to clarify how our result s build upon this previous literature. 
The relevant material is included on pages 11-12 in Result s and 16-17 in Discussion of the revised 
manuscript . Given the Reviewer's comment on the role of microsaccades in compensat ing for drift s
during we have also added a reference to the interest ing study by Engbert and Kliegl
(2004), which invest igated this issue. This study, however, examined relat ive changes in gaze 
posit ion, not microsaccade accuracy, and made no claim about the accuracy of microsaccades of 
small amplitudes.

M in or P oint s

Fig 4b. The x-axis is labelled \ Acuity loss" , but perhaps it would be clearer to label this as \ optotype 
size?"

We have changed the label of the axis as suggested by the Reviewer.

Methods state that blinks were removed, but no details provided.

We have added more details in the Methods (page 27). The DPI eyet racker automat ically labels as 
blinks the periods in which the system is in t racking mode and the two Purkinje images suddenly 
disappear.

Fig 4 caption: "red circles" . There is only one red circle data point.

We have corrected the typo.
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Reviewers' Comments:

Reviewer #1:
Remarks to the Author:
The authors have addressed all my comments and have improved the manuscript in many other ways. 
I particularly appreciate the rephrasing / addition of the research questions in intro l.68 following, 
which will help the reader navigate through the ms, and the additional sections added re. the drift 
results. I only have a short list of minor comments that I think they could address to further improve 
clarity.

1. Intro, l.23, introduces the term “foveola”, but in the following paragraphs (e.g., l.30, l.39, etc.), the 
authors talk about the fovea. These regions are of course overlapping but I wonder if the authors 
could be more consistent to clarify whether they are talking about the fovea or the central part of the 
fovea throughout.
2. l.48: is “eye drift” used here in the exact same context as “ocular drift” as introduced in l.40?
3. l.52: no benefits of (not from) eye movements on acuity – measured how? Since the present study 
is the first using Snellen it is important to specify how acuity was measured in previous studies.
4. Results, l.90: replace “motion” by “movement”
5. l.113: delete comma after “that”
6. l.167-69: the new part is repetitive; the following sentence already mentions that microsaccade 
amplitudes were half the size in Snellen test vs. dot fixation
7. l.177: rephrase “similar differences”
8. l.272-283: considerable emphasis is placed on an effect that reached significance in only n=2 (and 
no information is provided on effect sizes, thus it is difficult to evaluate how important this finding is); 
my suggestion would be to leave this paragraph out

Reviewer #2:
Remarks to the Author:
The authors have done a thorough revision and addressed all my concerns. Importantly, they have 
clarified the novelty and significance of their finding that ocular drift changes its spatiotemporal 
characteristics during the Snellen task compared to fixation. They have also better discussed the 
relation of their study to previous literature, in particular Ratnam 2017. And they have improved 
explanations of motivation, methods, etc. throughout the manuscript.

Reviewer #3:
Remarks to the Author:
The revised manuscript is improved greatly and addresses most of the key points I raised in my 
previous review. The additional control experiments strengthen the paper, and the improved narrative 
does an excellent job of delineating the novel aspects of this study compared with earlier work. There 
is just one important result that I could not make sense of, and would like clarified:

Major

The analysis of drift eye movements in the Snellen task shows that they provide an increase of power 
in the high frequencies of "~ 50%". The authors suggest that this reflects a task-dependent strategy 
to improve acuity. Confusingly, however, they then note that: "The resulting power was significantly 
higher than the amount that would have been given the eye movements measured in separate subject



populations, which either maintained strict fixation for the entire duration of a trial (an average 22% 
increase; p = 0:002) or freely examined natural scenes (48% increase; p < 10-7).

So the magnitude of the effect in the Snellen acuity task (~50%) is just 2% more than that observed 
while freely viewing natural images (48%)? Perhaps I am misunderstanding something, but it seems 
to me that even if this small difference is statistically significant, the results seem inconsistent with 
the idea that the drift is altered to improve acuity (unless we consider "freely viewing" to be an acuity 
task). Can the authors clarify these two effects and re-state their view on the functional role of drift 
control in the Snellen task and others.

Minor points:

- Why is the 90th percentile used in some plots, rather than a median or mean? It's not a problem, 
but the reason for this choice could be clarified.

- The narrative speaks of different "populations" of subjects in various places. This should be 
"samples".

Signed,
Adam P. Morris



R ep ly t o R eviewer 1

1. Int ro, l.23, int roduces the term \ foveola", but in the following paragraphs (e.g., l.30, l.39, etc.), 
the authors talk about the fovea. These regions are of course overlapping but I wonder if the 
authors could be more consistent to clarify whether they are talking about the fovea or the cent ral 
part of the fovea throughout .

We have changed the text to use the term \ foveola" rather than the broader \ fovea" whenever 
pert inent .

2. l.48: is \ eye drift " used here in the exact same context as \ ocular drift " as int roduced in l.40?

It is. To avoid possible confusion, we now int roduce both terms when referring to the inter-
saccadic wandering of the eye in line 40.

3. l.52: no bene t s of (not from) eye movements on acuity measured how? Since the present study
is the using Snellen it is important to specify how acuity was measured in previous studies.

These studies used either detect ion of lines or a Vernier acuity test to measure visual resolut ion
thresholds (Riggs et al., 1953; Tulunay-Keesey, 1960). We have modi ed the sentence to provide 
further details.

4. Result s, l.90: replace \ mot ion" by \ movement".

We have modi ed the sentence as suggested by the reviewer (now line 91).

5. l.113: delete comma after \ that".

Done (now line 115).

6. l.167-69: the new part is repet it ive; the following sentence already ment ions that microsaccade
amplitudes were half the size in Snellen test vs. dot at ion.

We have revised the text to be less repet it ive. The new text is on lines 172-176.

7. l.177: rephrase \ similar di erences".

Done, thanks. The new sentence is on line 181.

8. l.272-283: considerable emphasis is placed on an e ect that reached signi cance in only n= 2 
(and no informat ion is provided on e ect sizes, thus it is di cult to evaluate how important this

is); my suggest ion would be to leave this paragraph out .

We agree with the Reviewer that this paragraph gives too much emphasis to marginal considera- 
t ions. We have removed the paragraph as suggested and added a note to the previous paragraph 
(lines 274-277).

R ep ly t o R eviewer 3
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M a jor p oint . The analysis of drift eye movements in the Snellen task shows that they provide an 
increase of power in the high frequencies of \ 50%". The authors suggest that this re ects a task- 
dependent st rategy to improve acuity. Confusingly, however, they then note that : \ The result ing 
power was signi cant ly higher than the amount that would have been given the eye movements
measured in separate subject populat ions, which either maintained st rict for the ent ire
durat ion of a t rial (an average 22% increase; p = 0:002) or freely examined natural scenes (48% 
increase; p < 10-7)."

So the magnitude of the e ect in the Snellen acuity task ( 50%) is just 2% more than that observed 
while freely viewing natural images (48%)? Perhaps I am misunderstanding something, but it seems 
to me that even if this small di erence is stat ist ically signi cant , the result s seem inconsistent with 
the idea that the drift is altered to improve acuity (unless we consider "freely viewing" to be an 
acuity task). Can the authors clarify these two e ects and re-state their view on the funct ional role 
of drift cont rol in the Snellen task and others.

There has been a misunderstanding here. Our comparisons are always relat ive to the eye movements 
in the Snellen test . That is the power of the st imulus on the ret ina in our sample of observers 
performing the Snellen task is 48% higher than the power that would have been given by the ocular 
drift s recorded in a separate group of subjects who freely observed natural scenes. The reason
why this power increases by similar amounts ( 50% and 48%) when compared to ion and
free-viewing is because the ocular drift s measured in our subjects when they maintained
resemble those measured in the other group of subjects when they freely examined natural scenes. 
We have revised this sect ion to avoid possible misunderstandings (lines 137-141).

M in or p oint s. Why is the 90th percent ile used in some plots, rather than a median or mean? It ' s 
not a problem, but the reason for this choice could be clari ed.

We use the 90th percent ile when referring to microsaccade amplitudes because it bet ter captures 
the asymptot ic limit of the dist ribut ion, which is somet imes used to de ne an upper threshold on 
microsaccade magnitudes (e.g., Kowler et al, 2011; Mart inez-Conde et al, 2013). We have added 
an explanat ion in the Methods (lines 555-556).

The narrat ive speaks of di erent "populat ions" of subjects in various places. This should be 
"samples".

We changed the text as suggested by the reviewer.
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Reviewers' Comments:

Reviewer #3:
Remarks to the Author:
The authors have addressed my concerns. There was indeed a misunderstanding, and I believe that 
the revised text more clearly describes the comparison being made.

Signed,
Adam P Morris


