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ABSTRACT

The newest generation of confocal scanning laser ophthalmoscopes with adaptive optics correction of ocular aberrations
provides retinal images of unprecedented resolution, allowing for real-time imaging of photoreceptors in the living
human eye. Natural fixational eye movements made by the subject/patient during recording produce distortions that are
unique in each frame. Correction for these distortions is necessary before multiple frames can be added together to
achieve noise reduction or to build a mosaic image from different retinal areas. Here we describe the characteristics of
fixational eye movements and the distortions they produce during retinal imaging, we show examples of images with
particular distortions, and show eye movement records obtained during the correction of these distortions
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1. INTRODUCTION

The human eye is constantly in motion, even during attempts to fixate steadily. These motions include rapid jerks or
saccades, slower drifts, and high frequency tremor, and are collectively referred to as “physiological nystagmus” or
fixational eye movements. Fixational eye movements typically produce gaze instability of 10 or 15 arc minutes during
sustained periods of attempted steady gaze. These movements are too small to be seen with the naked eye or with mid-
level eye movement monitors, but they are a significant source of image artifact when imaging the retina with high
resolution systems such as Optical Coherence Tomography' or Adaptive Optics Scanning Laser Ophthalmoscopy
(AOSLO)>. Here we discuss the characteristics of these image artifacts as they relate to the AOSLO and we describe a
method for recovering eye motions from the distortions they cause. This recovery is the first step in the process of
removing the distortions, and it illustrates the power of retinal imaging as a method for studying the eye movements
themselves.

1.1. Characteristics of fixational eye movement.

Historically, the most precise measurements of fixational eye movements relied on the “Optical Lever” technique, in
which a plane mirror was affixed to the eye and a beam of light was reflected from this mirror to a recording system.
Rotations of the eye produced deflections of the beam, and these were typically recorded on a moving photographic film
or plate. With sufficient distance between the eye and the recording system, beam deflections caused by translations of
the eye become insignificant relative to those caused by rotations. Adler and Fliegelman (1934)’ successfully recorded
fixation movements with a mirror stuck directly on the sclera, while later investigators (notably Riggs and colleagues™ °)
developed a tight fitting contact lens mount for the mirror. The rotations thereby recorded revealed an eye in constant
motion. Typically, a fixating subject’s gaze would exhibit slow, apparently random drifts, interrupted periodically by
rapid micro-saccadic movements with amplitudes in the range of 10 arc minutes. Additionally, a tremor component was
found with an amplitude of 5 to 15 arc seconds and a frequency of 40 to 100 Hz* °. Binocular recordings showed that
the micro-saccades were simultaneous and nearly identical in the two eyes, but that drifts and tremor were apparently
independently generated’. Subsequent studies have shown that the micro-saccadic component of fixation can be
suppressed by some subjects’.

These early studies concentrated on horizontal eye rotations, but in fact the eye rotates in three dimensions when
fixating and the amplitude of rotations are not equal for different rotation axes. (The coordinate systems used to describe
rotational kinematics vary from one research group to another: one can consider the instantaneous rotational velocity of
the eye either in terms of a single axis of rotation whose orientation changes over time, or in terms of three component
rotations around cardinal axes such as Horizontal, Vertical and Torsional. Here we take the latter approach.) Using
magnetic scleral search coils, van Rijn et al. ® found that torsional eye rotations were considerably larger than horizontal
or vertical axis rotations in all four of their fixating subjects. A more recent study of ten subjects using a video
technique found that the stability of gaze during fixation of a target was comparable on the three axes®. It is clear,
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