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Summary

Humans explore static visual scenes by alternating rapid eye movements (saccades) with periods
of slow and incessant eye drifts [1-3]. These drifts are commonly believed to be the consequence
of physiological limits in maintaining steady gaze, resulting in Brownian-like trajectories [4-7],
which are almost independent in the two eyes [8-10]. However, because of the technical difficulty
of recording minute eye movements, most knowledge on ocular drift comes from artificial
laboratory conditions, in which the head of the observer is strictly immobilized. Little is known
about eye drift during natural head-free fixation, when microscopic head movements are also
continually present [11-13]. We have recently observed that the power spectrum of the visual
input to the retina during ocular drift is largely unaffected by fixational head movements [14].
Here we elucidate the mechanism responsible for this invariance. We show that, contrary to
common assumption, ocular drift does not move the eyes randomly, but compensates for
microscopic head movements, thereby yielding highly correlated movements in the two eyes. This
compensatory behavior is extremely fast, persists with one eye patched, and results in image
motion trajectories that are only partially correlated on the two retinas. These findings challenge
established views of how humans acquire visual information. They show that ocular drift is
precisely controlled, as long speculated [15], and imply the existence of neural mechanisms that
integrate minute multimodal signals.
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Results and Discussion

How do the eyes move in the periods between voluntary gaze shifts? Figure 1A summarizes
current textbook knowledge on ocular drift, the slow wandering of the eye that incessantly
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occurs during fixation on a stationary object. Ocular drift resembles a random walk: it
changes direction frequently, in a seemingly erratic manner, yielding relatively small overall
displacements of the retinal image over the course of a typical fixation [4-7]. However, at
each instant in time, the velocity of ocular drift is not negligible. Its mean instantaneous
speed is close to 1 deg/s [7, 16], resulting in motion signals on the retina that would be
immediately visible had they originated from objects in the scene rather than from eye
movements. Drifts also appear to be little correlated in the two eyes, with each eye following
its own trajectory almost independent from that of the other eye [8-10].

As customary in studies of microscopic eye movements, the data in Figure 1A were
collected by means of a high-resolution eye-tracker while the subject's head was carefully
immobilized. For comparison, Figure 1B shows the distributions of drift velocities in the
two eyes measured for one observer during natural head-free fixation. In this case, eye
movements were recorded by means of the Maryland Revolving Field Monitor (MRFM), a
custom device specifically designed to give precise measurements without requiring
immobilization of the head [17]. These data illustrate two important points. First, as
previously reported [11], ocular drift tends to be faster during normal head-free fixation than
under the standard laboratory condition of head immobilization. All participants exhibited
considerably higher instantaneous speeds of ocular drift than those typically measured under
head-fixed conditions (averages across all eyes: 94'/s vs. 51’/s; p <0.0001, two-tailed
unpaired t-test). Second, a striking similarity appears in the shape of the distributions of drift
velocities in the two eyes. On average, the binocular difference in the instantaneous drift
velocity was of 27’/s in amplitude and 27° in direction. These differences are much smaller
than those that would result from two independent random walks, each matched to the drift
speed of the corresponding eye (p <0.001, paired two-tailed t-test). Thus, the eyes appeared
to drift in a similar manner during natural head-free fixation.

To investigate the similarity between drifts in the two eyes, we compared their instantaneous
velocities while subjects normally fixated on nearby point-light sources without any head
restraints. Only the periods of steady-state fixation, long after the completion of the previous
saccade and long before the occurrence of the next one, were considered in this study (see
Figure S1). As shown in Figure 2A, eye velocities were highly correlated on both the
horizontal and the vertical axis, and the slope of the linear regression between left and right
eye measurements was close to one. Correlation values differed significantly from zero for
all subjects on both axes (p < 0.001, two-tailed t-test) and were also much higher than the
spurious correlation levels that could be expected from common measurement noise in head
and eye signals (p < 0.05, two-tailed bootstrap t-test; see Supplementary Experimental
procedures).

The similarity between the drifts in the two eyes was also confirmed by the strong frequency
coherence for both horizontal and vertical velocities (average and std: 0.90 £ 0.07). These
levels of correlation were significantly higher than those measured from the same subjects
when resting on a bite bar during eye-tracker calibration—a condition in which microscopic
head movements still occurred (average correlation: 0.12 + 0.07; p < 0.003, paired two-
tailed t-test)—and much larger than the values typically measured under the standard
laboratory condition of strict head immobilization (0.08 + 0.05; p <0.0001, unpaired two-
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tailed t-test). In this latter condition, drifts in the two eyes were virtually uncorrelated on
both axes (Figure 2B). These results reveal that that the common notion that the two eyes
drift independently during fixation is a consequence of the artificial conditions of standard
experiments. Under natural viewing conditions, binocular coordination applies not only to
saccades and smooth pursuits, but also to the much finer scale of fixational eye movements.

Given that the two eyes drift in a similar manner, it becomes important to understand what
controls their fixational motion. Figure S2A shows the results of a similar analysis when the
task was repeated under monocular viewing. In this case, one eye was patched to prevent
visual stimulation, while its movements continued to be recorded during otherwise normal
head-free fixation. Levels of correlation between drifts in the two eyes remained far above
chance (p < 0.001, two-tailed t-test) and did not differ statistically from those measured
during binocular viewing (p >0.11, paired two-tailed t-test). Thus, absence of retinal
stimulation in one eye had little consequence on the degree of binocular drift coordination.

To investigate the origins and functions of the binocular drift coordination, we examined the
relation between fixational head and eye movements. Small involuntary head movements
are always present during natural fixation [11-13]. In our experiments, the subjects' head
continually translated with average instantaneous linear speed of 6 mm/s and rotated with
angular speeds of 49'/s (yaw) and 41’/s (pitch; see example in Figure 3A).

Figure 3B compares the horizontal and vertical components of the instantaneous drift
velocity to the angular speeds of yaw and pitch head rotations, respectively. Head and eye
rotations were strongly anticorrelated on both axes of motion, a phenomenon that was
slightly more pronounced on the horizontal axis (p <0.05, two-tailed paired t-test). On both
axes, correlation values were far above the levels that one would expect from common noise
in the measurements (p <0.001, two-tailed bootstrap t-test) and also much larger than the
correlation obtained by randomly pairing head and eye movement traces (p <0.001, two-
tailed t-test). Strong anticorrelations persisted when one eye was patched (p <0.005, two-
tailed paired t-test; Figure S2B) and did not change significantly from those measured
during normal binocular viewing (p =0.32, paired two-tailed t-test). Thus, under both
viewing conditions, ocular drift rotated the eyes with similar velocity to the head but in the
opposite direction, as shown in the example trace in Figure 3A.

Since the targets were not at optical infinity, both head rotations and translations contributed
to the motion of the retinal image. Therefore, we estimated the gain of the fixational head-
eye coordination by examining the consequences of head and eye movements on the
projection of the fixated target on the retina. We reconstructed retinal image motion by
means of a standard eye model [18] and compared instantaneous drift velocity to the ideal
eye velocity that would keep the fixated target immobile on the retina (Figure 3C). Ocular
drift well compensated for head instability, yielding an average gain of 0.76 (p < 0.04, two-
tailed t-test; gain one represents perfect compensation). Compensation was more accurate on
the horizontal axis than on the vertical one (p <0.007, two-tailed paired t-test) and continued
to operate efficiently during monocular viewing (average monocular gain: 0.79; p <0.003,
two-tailed paired t-test). These gains are not far from those normally measured for much
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larger voluntary head oscillations [19, 20]. They are remarkably high considering the scale
of fixational head and eye movements.

To operate efficiently, a fixational head/eye compensation mechanism needs not only to be
accurate, but also to act quickly. Figure 3D shows the average cross-correlation functions
between head and eye rotations on both the horizontal and vertical axes. Based on the
sampling rate of the recordings (488 Hz) the smallest delay we can reliably measure is ~2
ms, a temporal resolution sufficient to quantify the fast delays of the vestibulo-ocular reflex
(VOR), generally between 10 and 15 ms [19-22]. These data show that the fixational
compensatory mechanism was, on average, very fast: the cross-correlation function
possessed a broad envelope that peaked around 0 ms. A similar shape in the cross-
correlation function was also observed when directly analyzing the consequence of head and
eye movements on the retinal image and during monocular viewing. Thus, ocular drift not
only corrected for previous head movements but also frequently anticipated them,
suggesting a joint control of fixational head and eye movements.

How does the compensation of fixational head and eye movements affect the stimulus on the
retina? To investigate this question, we examined the speed of the retinal projection of the
fixated target. Because of the separation between the eye's center of rotation and the optical
nodal points, Gullstrand's eye model amplifies the velocity of the retinal image by a factor of
approximately 40% relative to the velocity of ocular drift. Taking this amplification into
account, the mean instantaneous speed of the fixated target on the retina during fixation was
90’/s. This value is much closer to the speed measured with the head immobilized (65'/s)
than one would expect by considering head and eye movements independently (Figure 4A,
C). For comparison, Figure 4 also shows the velocity of retinal motion obtained by
decoupling fixational head and eye movements. In this analysis, ocular traces were reversed
in time so to maintain their statistical properties, but eliminate the synchronization with head
movements. This manipulation led to much higher speeds of the retinal image (179'/s; p <
0.005, two-tailed paired t-test). At this speed, the stimulus' projection would move far from
the preferred retinal locus during the course of fixation. Thus, despite the faster ocular drift
and the presence of head movements during natural fixation, head/eye compensation
maintained retinal image motion within levels close to those experienced with the head
immobilized.

Given the precision of the fixational head/eye compensation and the strong binocular
correlation, one may intuitively assume that motion signals in the two retinas were also
strongly correlated. However, this was not the case. Because head/eye compensation was not
complete and the movements of the two eyes did not match perfectly, the resulting retinal
motion was only partly correlated (Figure 4D). The measured correlation values were
significantly lower than those obtained for eye drift (p < 0.0009, two-tailed paired t-test),
particularly on the horizontal axis. On average, the instantaneous retinal velocities of the
fixated target in the two eyes differed by 47’/s in amplitude and 40° in direction. Therefore,
motion signals in the two eyes continue to differ considerably during natural fixation.

The results of Figures 1-3 show that the standard textbook description of how the eyes move
during inter-saccadic fixation is not correct. The widespread notion that the two eyes drift
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randomly and independently with almost uncorrelated Brownian trajectories [4-7] only
applies to the artificial laboratory condition in which the head of the observer is strictly
immobilized. Outside the laboratory, fixational eye movements compensate for the
microscopic head movements that continually occur during natural fixation. This
compensation is remarkably fast and precise. Thus, rather than an uncontrolled random
process resulting from noise at the neural and/or muscular levels, the smooth fixational
motion of the eye represents a form of slow control aimed at maintaining ideal visual
conditions [15].

How is the fixational head/eye compensation generated? One possibility is that ocular drift
is the outcome of smooth pursuit on a stationary target, as previously speculated [23].
Although the target remains immaobile in space, its projection moves on the retina because of
fixational head movements. The resulting retinal velocities are well above the thresholds
necessary for triggering pursuit eye movements [24, 25]. However, the characteristics of this
motion, notably its speed, high gain, and the observation that head/eye compensation
continues to operate in a visually-deprived eye, are all reminiscent of the vestibulo-ocular
reflex (VOR). The VOR is well known for its velocity, with response latencies to actively
generated or imposed head rotations typically in the 5-15 ms range [19-22]. Zero delays
similar to those observed in our study have also been reported in the presence of self-
generated head movements [26, 27]. Such anticipatory behavior presumably relies on the
integration of vestibular signals with corollary discharges associated with head movements,
an operation consistent with VOR physiology [28, 29] and which could be accomplished by
known multimodal integration mechanisms [29-31]. With the exception of isolated
pioneering efforts [11], the difficulty of precisely recording very small eye movements
during natural head-free fixation has prevented study of the limits of the VOR, and it is not
known whether vestibular neurons respond to such small head rotations. Our results indicate
that VOR functions extend to a very fine scale and are normally responsible for the smooth
component of fixational eye movements.

Irrespective of the specific mechanisms responsible for the fixational head/eye
compensation, ocular drift assumes a very different character in the presence of normal head
movements. This finding, however, does not automatically imply that standard oculomotor
experiments with the head immobilized should be abandoned. In contrast with the changes
in eye movements, the motion of the retinal image is little affected by freeing the head: it
preserves its Brownian-like characteristics and maintains similar speed, therefore accounting
for the robustness of the frequency content of visual input signals [14]. Head-fixed
experiments continue to represent a valid approach for studying the characteristics of the
retinal input, and drift remains a useful concept to describe the motion of the retinal image,
but this notion needs to replace that of ocular drift as a separate category of eye movements.

In sum, our results suggest that the smooth fixational motion of the retinal image is the
residual of a stabilization mechanism that operates to preserve the characteristics of retinal
stimulation [32, 33]. Whether this residual motion is the consequence of physiological limits
in head/eye compensation or represents instead a visuomotor strategy conserved for its
perceptual benefits is as yet unclear. In either case, however, the resulting retinal image
motion bears functional consequences. Previous work has shown that this motion reformats
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the mostly static visual image into a spatiotemporal signal with specific characteristics [34,
35]. This transformation not only prevents the reduction in contrast experienced under
retinal stabilization, but also redistributes the spatial power of the external stimulus in the
space-time domain in a way that counterbalances the structure of natural scenes [7] and
enhances sensitivity to high spatial frequencies [36]. Without the fixational head/eye
compensation, this redistribution would be altered, retinal image motion would be too fast
for high-acuity vision [37-39], and the fixated target would quickly leave the small foveal
locus of optimal sensitivity [40]. Thus, the oculomotor behavior described in this study
appears to be critical for vision of fine spatial detail.

An interesting hypothesis now emerges. The nature of the spatiomporal reformatting of
visual input signals—and, consequently, the range of spatial frequencies transmitted to the
brain—depends on the characteristics of retinal image motion. This phenomenon is well
captured by a Brownian model of retinal drift, in which lower diffusion constants lead to
transmission of a wider equalized range of spatial frequencies, but with a lower gain. The
current work raises the possibility that this trade-off can be regulated by controlling the
fixational head/eye compensation: a more precise compensation would lead to a decrease in
the diffusion constant and vice-versa. Further work is necessary to investigate whether
humans use this mechanism to tune retinal image motion to the task demands.

Experimental Procedures

Subjects and Task

Apparatus

Seated subjects (20 in total; age range 30-70) were instructed to look sequentially at a series
of fixation markers. Four observers took part in the head-free experiments conducted at the
University of Maryland, and 16 subjects participated in the head-fixed experiments
conducted at Boston University (4 subjects in binocular and 12 in monocular recordings).
All experiments followed the ethical procedures approved by the University of Maryland
and the Charles River Campus Institutional Review Board at Boston University.

In the head-free experiments head and eye rotations were measured and sampled at 488 Hz
by means of the MRFM, a 2D coil system specifically developed to maintain resolution
higher than 1’ even in the presence of considerable head and body motion [41]. Head-fixed
data were recorded by means of a Dual Purkinje Image eye-tracker and sampled at 1 Khz. A
custom dental-imprint bite-bar and a head rest were used to prevent head movements.

Data analysis

Only the very steady periods of fixation were considered in this study. These were the
periods of binocular convergence on the fixation marker in which, for each individual
subject, the velocities of both eyes remained within the 95t percentiles of the distributions
measured at steady-state fixation (the distributions measured at least 300 ms after saccade
end; see Supplementary Experimental Procedures). Only periods longer than 150 ms were
included in the analysis. Results were extremely robust and changed little with fixation
selection criteria.
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Head and eye rotations were computed from the coil data following standard geometrical
transformations [42]. Since estimation of eye movements relied on signals from both the eye
and head coils, Monte Carlo simulations of the experiments were conducted to rule out
possible noise influences in the analyses of Figures 2 and 3.

In Figures 3 and 4, we reconstructed the trajectory of the retinal projection of the fixated
target by means of Gullstrand eye model with accommodation, which was properly
positioned on the basis of the recorded head and eye movements data. The instantaneous
gain of head/eye compensation was estimated on the basis of two velocity vectors on the
retina: the ideal velocity vy necessary to counteract the effect of head movements and
maintain the fixated target immobile on the retina, and the velocity vg resulting from eye
movements alone. On each axis, the gain was defined as the ratio of the corresponding
components of vg and v.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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«  Textbook descriptions of eye movements do not apply to natural head-free

»  Fixational eye drifts continually compensate for microscopic head movements

e Ocular drifts are coordinated in the two eyes and often anticipate head

e The resulting motion signals on the retina differ considerably in the two eyes
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Figure 1. Ocular drift characteristics
The eyes move incessantly during visual fixation. (A) Eye movements measured under strict

head immobilization, a common condition in oculomotor experiments. The subject
maintained fixation on a small marker while head movements were prevented by means of a
bite bar and head rest. (B) Eye movements (rotations of the eyes within the head) acquired
during normal head-free fixation (see Supplementary Experimental Procedures and Figure
S1). In both A and B:(Top) Examples of ocular drift traces in the two eyes. (Bottom)
Probability distributions of ocular drift velocities. The two panels show data from the right
and left eye for one observer. Marginal distributions for the vertical and horizontal velocity
components are shown on the corresponding axes. Numbers represent means and standard
deviations of the instantaneous speed.
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Figure 2. Binocular drift coordination
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Joint probability distributions for the instantaneous velocities of ocular drift in the two eyes.
Colored lines represent iso-probability contours. The two columns refer to different
conditions: (A) Natural head-free binocular viewing. (B) Head-fixed binocular viewing. In
this latter condition, the subject's head was firmly immobilized by a bite-bar and a head-rest.
The two rows show horizontal and vertical velocity components. In all panels, the solid and
dashed lines represent the linear regression and the 45° diagonal, respectively. Average
correlation and slope of the linear regression are reported in each panel. Data represent
averages across N=4 observers. See Figure S2 for the results of similar analysis under

monocular viewing.
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Figure 3. Fixational head-eye coordination
(A) An example of head and eye traces during steady fixation. Note the very small scale of

the movements on the y axis. (B) Comparison between the velocities of head and eye
rotations. The horizontal and vertical components of ocular drift velocity are plotted as a
function of the angular speeds of head yaw and pitch, respectively. Solid and dashed lines
represent the linear regressions and the 45° diagonal. (C) Head/eye compensation gain.
Distributions of the instantaneous gain between fixational head and eye movements. On
each axis, gain equal one corresponds to perfect compensation (the fixated target remains
immobile on the retina). Larger and smaller gain values represent over- and under-
compensation, respectively. (D) Head/eye compensation delay. Mean cross-correlation
functions between head and eye rotations. Shaded areas represent one standard deviation.
Data are averages across all the recorded eyes during normal binocular viewing. See Figure
S2 for the results of similar analysis under monocular viewing.
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Figure 4. Retinal image motion
(A) Examples of probability distributions of the velocity of the fixated target on the retina.

(Top) Normal head-free fixation. (Bottom) No head-eye coordination. Compensation was
disrupted by decoupling head and eye traces. (B) Average speeds of the retinal projection of
the fixated target for the two conditions in A. For comparison, the dashed line shows the
average retinal speed measured in standard experiments with head immobilization, when
subjects freely observed natural scenes. Error bars and the shaded region represent one
standard deviation. The asterisk marks statistical significance at p < 0.005 (two-tailed paired
t-test). (C) Retinal speed distributions in the sequential looking task under head-free and
head-fixed conditions. Error bars represent s.e.m. (D) Binocular correlation in retinal image
motion. Joint probability distributions of the velocity components in the projections of the
fixated target in the two retinas. Different rows compare horizontal and vertical velocities
(arcmin/s). In B-D, data represent averages across all recorded eyes.
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