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CHAPTER FIVE 
 

RETINAL MOTION TRACKING FOR HIGH RESOLUTION IMAGING 
 

 
 

Abstract 

High resolution imaging is of great importance for an accurate diagnosis of diseases 
that affect the retina. However, the image quality is degraded by involuntary lateral 
eye motions that occur in the same time scale as the scan rate of retinal imaging 
techniques. Increasing the imaging speed may reduce the influence of eye motions, 
but the amount of light that returns in the optical system is also reduced. Therefore 
these lateral and rotational eye motions need to be corrected actively and as 
accurate as possible. In this chapter a line scan scanning laser ophthalmoscope is 
presented for active motion tracking to correct for the involuntary lateral motions 
by the patient. The tracker is tested on a phantom eye and a healthy volunteer. The 
standard deviation of the residual eye motion is 43 µm (nasal – temporal) and 
79µm (superior – inferior) for a phantom eye and 240 µm (nasal – temporal) and 
87 µm (superior – inferior) for a real eye. The tracker can accurately correct eye 
motions before the next image is acquired (21 frames per second) and the residual 
motions are decreased when the frame rate is increased. 
 
 
 
 
 
 
 
 
The retinal motion tracker described in this chapter is patented in: 
Japan 
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5.1 INTRODUCTION 
 
High resolution, scanning retinal imaging techniques, like optical coherence 
tomography (OCT) (1) and scanning laser ophthalmoscopy (SLO) (2) are crucial for 
an accurate diagnosis of eye diseases like age related macular degeneration (AMD) 
and glaucoma. Cells are damaged in these retinal disease processes, leading to 
progressive and irreversible loss of vision. The fundamental study of these diseases, 
i.e. the origin and progression of the disease and the response to treatment, could 
benefit from an imaging modality that can map the human retina in three 
dimensions at the level of a single living cell. These studies are to be performed in 
the clinic at the exact same retinal locations over long periods of time, to compare 
the reflections from cells over time. To increase lateral imaging resolution on the 
retina these techniques can be used in combination with adaptive optics to correct 
wavefront aberrations (3-5). All these scanning retinal imaging techniques can 
visualize morphological changes of the tissue, making them a powerful diagnostic 
tool for physicians 

The applicability of these high resolution imaging techniques is however limited 
mainly by lateral motions of the eye that occur on time scales which are comparable 
to the scan rate of the system (typically a B-scan for commercial OCT systems takes 
~20 25 ms). From the previous chapter we know that degradation of image quality 
resulting from eye motions can lead to ambiguous clinical interpretation and even 
erroneous diagnoses (6). Axial motions occur simultaneously with the heartbeat 
and are slow motions compared to the acquisition time of a B-scan in OCT. These 
motions can be corrected by post processing of the OCT data or by an actively 
moving reference arm (7). Lateral motions affect the lateral resolution of imaging 
systems and these motions need to be corrected during imaging. They can be 
divided in three groups that discriminate them in speed, duration and amplitude: 

- Tremor: the fastest and smallest motions are tremors or sometimes 
called physiological nystagmus. Tremor is an aperiodic, wave-like 
motion of the eyes (8, 9), with a frequency of ~90 Hz. Since its 
amplitude is on the order of a foveal cone (1µm or ~0.2’ of arc), visual 
tremor is difficult to record accurately.  
 

- Drifts: The slowest motions are drifts and occur simultaneously with 
tremor but the frequency is lower (1Hz) and the amplitude larger 
(100 µm or 20’ of arc (8)).  
 

- Micro saccades: the most disturbing motions for retinal imaging 
techniques are micro-saccades with a duration of approximately 25 
ms and an amplitude ranging from 25 to 100 µm (5’-20’ of arc). With 
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these amplitudes and speeds the micro saccades cause blurring in the 
high resolution image and therefore these motions need to be 
corrected during imaging. 

Eye motion tracking has been a topic of interest for many years (6, 10) and some 
retinal imaging systems already have an active or passive motion correction device 
or algorithm. Heidelberg’s Spectralis OCT imaging system uses a separate SLO 
imaging system to monitor the position of the retina. In this system, the position of 
the retina is not compensated or corrected actively, but an OCT image is acquired 
only when the OCT scan is overlapping the first acquired scan on the retina. 
Hammer et al (11) developed a line scan SLO imaging system with high speed 
retinal tracker. In normal SLO imaging the light is focused on the retina in a ~20 μm 
large spot and scanned over the area of interest. Using a cylindrical lens, the spot 
can be focused into a thin line, so that only one scan mirror is needed to create an 
SLO image while the line is swept across the retina. Another eye tracking system 
has been described by Vogel et al (12) and Yang et al(13). Their system is an 
adaptive optics scanning laser ophthalmoscope (AO-SLO) based retinal tracking 
system. In that study they introduce a map-seeking circuit algorithm to do the cross 
correlation of retinal images. Although their results are impressive, both systems 
cannot be combined with OCT without a substantial redesign of sample arm optics 
(14). 

The importance of motion compensation is evident, especially with a new 
generation of retinal imaging modalities that is being developed. New imaging 
modalities probe the retina with non-invasive optical techniques to determine how 
healthy cells are (15-17). In this type of imaging modality, known as functional 
imaging, an optical system needs to scan a (small) region of interest for some 
period e.g. to visualize the response of photoreceptors or other retinal cells on a 
(light) stimulus. Also, to increase image quality (i.e. reduce speckle noise effects in 
the image by averaging the data) the region of interest has to be scanned over and 
over again. Higher imaging speeds reduce the influence of the eye motions on the 
image quality, however, the amount of light that returns in the optical system is also 
reduced. This results in a lower signal to noise ratio and lower image contrast.  
Therefore these lateral and rotational eye motions need to be corrected as 
accurately as possible.  

We propose a retinal tracker for scanning imaging techniques that uses a line 
scanning laser ophthalmoscope (18) that runs simultaneously with the relatively 
slow scanning galvanometer mirror of an adaptive optics assisted-OCT system 
(AOa-OCT). The addition of the line scanning SLO requires an integration of a few 
extra optical components, keeping the system low cost and small. In this chapter we 
present a proof-of-principle of this method. 
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5.2 MATERIALS AND METHODS 
 
The tracker optics (indicated by the dashed box in Figure 5-1) rely on light from a 
diode laser (wavelength = 780 nm), which is collimated by a lens (L1: f = 25 mm). 
This collimated beam is indicated by a solid line in Figure 5-1. Note that the 
integration of the tracker barely affects the original AOa-OCT design. 

 

Figure 5-1: Schematic design 
of the retinal tracker (in 
dashed box), integrated in 
the sample arm of an AOa-
OCT setup (full A0a-OCT 
setup not shown). Using 
dichroic beam splitters, the 
AOa-OCT channel and the 
tracking channel are 
combined before they reach 
the deformable mirror.  

 
After collimation, a line focus is created by using a cylindrical lens (CL: f = 200 mm). 
The cylindrical lens focuses the light in one plane but the light in de perpendicular 
plane remains collimated, resulting in a line focus on the scanning mirror (SM). 
Both paths are indicated in the figure as solid and dotted lines, respectively. The 
scanning mirror is then conjugated to the pupil of the eye with a set of telescope 
mirrors (CM1, 2). This conjugation allows the beam to pivot in the eye’s pupil 
during scanning. The tracker is implemented in the sample arm of an AOa-OCT 
system using a dichroic beam splitter (DCM), which transmits the tracking beam 
(780 nm) and reflects the OCT beam (840 nm ± 25 nm). The design of the sample 
arm (the sample arm is displayed outside the dashed box) was done by Cense et al 
(19) and is used in this setup to direct the tracker beam to the eye. The beam 
diameter of the tracker is 4.45 mm directly after collimation with lens L1 and 3.4 
mm when it reaches the eye. The light of the tracker beam is directed using a flat 
mirror (FM) onto a deformable mirror (DM) of the AOa-OCT setup. The first focus of 
the tracker beam is on the dual axis scanning mirror (SM). The SM is a single 
surface mirror that scans the light over the retina both horizontally and vertically, 
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using two galvanometer scanners where one scanner is held by the other (designed 
by T.E.M., Japan). The tracker beam is then directed to the human eye using two 
concave mirrors (CM1: f = 200 mm, CM2: f = 150 mm). Light returning from the 
retina follows the same path back towards the laser diode; however, 90% of the 
returned tracker light is directed to the detector arm of the tracker using a 90:10 
beam splitter (BS). The focusing lens (L3: f = 200 mm) creates a line focus on the 
line scan CMOS camera (Basler Sprint, spL2048 140km, effective pixel size 
20x10µm (height x width), Basler AG, Germany) creating a line and a semi-confocal 
SLO system. The line length at the camera is 4.45 mm and 640 pixels are read out to 
create a retinal image. 

The beam size of this system in the pupil plane is 3.4 mm (compared to ~1.5 mm for 
a standard OCT system). A larger beam diameter should in theory give a higher 
lateral resolution; however, due to aberrations of the human eye a diffraction 
limited spot size is never achieved without adaptive optics. With the described 
setup the tracker beam is corrected with the DM of the AOa-OCT setup, so that it 
receives optimal correction for the sharpest possible line on the retina. The DM can 
improve the wavefront of the incoming light such that a diffraction limited spot is 
achieved (20). 

The theoretical resolution that can be achieved with this setup is 13 µm (1/e2) after 
correction by the DM. The length of the line on the retina is approximately 450 µm 
(or 1.5°). The effective field of view of the total setup in the retina is 10°x10° 
(meaning that a 3x3 mm retinal area can be covered at the same resolution). 

5.2.1 IMAGE ACQUISITION AND SCANNING PROTOCOL 
 
To create an image, the line is displaced in horizontal direction, i.e. from nasal (N) to 
temporal (T) or vice versa. In case of a 3D OCT image of the retina the beam is to be 
displaced in the vertical direction, superior (S) tot inferior (I) direction. The total 
field of view is displayed in Figure 5-2 on top of a fundus photo. Please note that the 
fundus photo was taken with a fundus camera for instructional purposes in this 
figure. 

 A horizontal scan by the tracker, let’s call this the i-th scan, is schematically 
displayed in Figure 5-3. The white overlay indicates the imaged area by the tracking 
system and corresponds to the 10° horizontal field of view in Figure 5-2. The 
tracker line on the retina is indicated by a black vertical line, which is swept over 
the retina in the horizontal direction creating a 2D SLO image. 
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Figure 5-2:  Image of the retina with 
the bright optic nerve on the right. In 
the dotted square the field of view 
(3x3 mm or ~10x10°) of the scanning 
imaging system and the tracker is 
displayed. The field of view is here 
displayed on the macula. The areas 
Superior, Nasal, Inferior and 
Temporal are displayed (S-N-I-T). 

 

 

Figure 5-3: For the second scan the 
beam is displaced only 6 µm in 
vertical direction for the (i+1)-th scan 
and cross correlates this image with 
the (i)-th recorded area. The retina 
displayed on the background is 
imaged with a fundus camera and is 
used to indicate the location of 
tracking. 

 
For OCT scanning at the same location on the retina the (i+1)-th scan overlaps the i 
th scan (2D-mode). For volume scanning of the retina with the OCT system, the OCT 
beam and tracker beam are displaced simultaneously 6 µm in inferior direction for 
the (i+1)-th scan, until a 3x3 mm area is scanned (3D-mode, Figure 5-4).  

In the eye tracking protocol, the position of the scanning mirror can be corrected 
for the eye motion that has occurred during the (i+1)-th horizontal scan enabling 
eye motion correction. One horizontal scan consists of 640x1024 pixels and a cross 
correlation is calculated between a reference image and the next image after down 
sampling both images to 64x512 pixels. The shift that has occurred between the 
images is calculated by a multiplication in the Fourier domain. The down sampling 
of the image is done to shorten the calculation time of the cross correlation, albeit at 
the cost of the resolution and accuracy of the motion correction. 
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Figure 5-4: The i-th scan and the 
(i+1)-th scan area displayed with a 6 
µm vertical separation in case of OCT 
volume scanning of the retina. When 
B-scans at the same location are 
acquired the i-th scan and i+1-th scan 
overlap. 

 

One horizontal scan will take approximately 3.57 ms in case of 500 A-lines per B-
scan. During the acquisition time of two images (7.14 ms) the maximal eye shift is 
approximately 30 µm, assuming an eye speed of 4 mm/s. With a resolution of 13 µm 
these motions can be well detected. To be able to correct motions of the retina that 
are on the scale of the lateral image resolution (13 µm) the tracker needs to scan 
the same area within 4 ms. 

5.2.2 PROOF-OF-PRINCIPLE SETTINGS 
 
The tracker was tested using the AOa-OCT sample arm. Please note that OCT 
imaging in combination with the tracker has not been performed yet. Moreover, 
while test measurements were performed with the AOa-OCT platform, the adaptive 
optics was not active yet either. However, in emmetropic eyes, the AOa-OCT 
platform routinely yields high quality images. 

The tracker was first used on a phantom eye that consisted of a lens (f=30 mm) and 
a piece of paper with print that acted as retina. The tracker was used in 2D-mode; 
i.e. the areas of the i-th scan and the (i+1)-th scan overlapped and scanning was 
done at the same location on the retina. The resulting shift from the cross 
correlation was converted to an offset voltage for the mirror. The frame rate of the 
tracker was 21 frames per second (47 ms per frame), which was limited by the 
software. The line was scanned over the retina in horizontal (nasal-temporal) 
direction. The scanned area on the phantom retina was 450 µm x 12 mm.  
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To determine the residual movement of the eye a cross correlation between the 
consecutive SLO frames (i-th and (i+1)-th scan) was calculated and multiplied with 
the pixel resolution (μm/pixel). 

After successful testing on a phantom eye, the tracker was tested in vivo on a 
healthy male subject with the same settings compared to the phantom eye 
measurements. The subject was measured without inducing dilation or 
accommodation paralysis. For tracking, an 840 nm broad band light source was 
used and the power on the cornea did not exceed 300 µW. Please note that this 
wavelength is different from the light source described in the design in paragraph 
5.2. The 840 broad band light source instead of the 780 nm was used because it 
provided speckle free images. 

5.3 RESULTS 
 
The phantom eye was measured for 14 seconds and rotated approximately 20° in 
horizontal direction (nasal – temporal) and simultaneously rotated approximately 
10° in vertical direction (superior-inferior). 

 
 t = 3.0 s t = 6.0 s t = 9.0 s t = 12.0 s 

 
Figure 5-5: Four images during tracking of the phantom retina are shown at 
t = 3, 6, 9 and 12 seconds. During imaging the retina is rotated (~20° 
horizontally and ~10° vertically), but the image remains at the same location. 
The frame rate of the tracker is 21 frames per second. 

 
In Figure 5-5 four frames are displayed, demonstrating that despite rotation of the 
phantom eye during tracking, the retina maintains the same location in the imaging 
window.  

In Figure 5-6 the position of the phantom retina during tracking is displayed in 
black. The residual movement in nasal-temporal direction is displayed as a solid 
black line and the residual movement in Superior-Inferior direction is indicated by 
a dotted black line. The standard deviation of the residual movement was 43µm in 
N-T direction and 79µm in S-I direction. The residual position of the retina is the 
position relative to a reference image that was acquired at t = 0 s. In grey, the offset 
voltage that was needed to correct the galvanometer raster scanners is displayed on 
the right vertical axis. A solid line was used for N-T direction and a dashed line for 
S-I direction. 
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Figure 5-6: In black 
the position of the 
phantom retina (left 
vertical axis) is 
displayed during 
tracking compared to 
a reference image 
that is acquired at 
t=0s. Nasal-Temporal 
motion is displayed in 
solid black line and 
the Superior-inferior 
motion is displayed in 
black dotted line for 
the Superior-Inferior 
movement. The  

mirror offset voltage (right vertical axis) that is applied to keep the image stable is displayed in 
gray. The solid gray line is the offset voltage to correct for the Nasal-Temporal movement and the 
dashed gray line is the offset voltage. 
 
In Figure 5-7 four images are displayed that were acquired during the tracking 
process of a real eye. Tracking was initiated at t = 6.6 s and approximately the same 
motion of the eye was made before and after initiation. Before tracking was started 
the eye moved approximately 15° (4.5 mm) horizontally and 1° (300 µm) vertically. 
The subject was asked to move the eye approximately the same way after tracking 
is started. 

 
t = 3.0 s t = 6.0 s t = 9.0 s t = 12.0 s 

    
Figure 5-7:  Four images during tracking of the retina are shown at t=3, 6, 9 and 
12 seconds. During imaging the retina is rotated (~20° horizontally and ~10° 
vertically), but the image remains at the same location. The frame rate of the 
tracker is 21 frames per second 

 
In Figure 5-8 the positions of the retina (relative to a reference image that was 
acquired at t = 0 s) are displayed in the N-T direction (solid black line) and the S-I 
direction (dotted black line). When tracking was started the eye’s position was 
maintained. Some sharp peaks are visible and are due to fast motions of the eye (i.e. 
faster than the frame rate). These motions are corrected in the following frame. The 
vertical position of the eye was maintained as well, however, the tracker seemed to 
be less sensitive to vertical movement. The residual motions (the standard 
deviation of the movement after tracking) in N-T and S-I direction were 240 µm and 
87 µm, respectively. The residual motion in N-T direction was due to the fast 
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motions of the eye. The mirror’s offset voltage for N-T and S-I direction are 
displayed in gray on the vertical axis as solid and dashed line, respectively. 

 

Figure 5-8: On the left 
vertical -axis the 
position of the retina, 
relative to a reference 
image acquired at t = 0 
s, is displayed versus 
imaging time. In solid 
black line the N-T 
movement is displayed 
and in dotted black 
line the S-I is 
displayed. Tracking is 
initiated at t = 6.6 s 
(vertical dashed-
dotted line).The mirror 
offset voltage that is 
used to correct for  

retinal movement is displayed on the right vertical-axis in gray. The solid line shows the correction 
voltage for the N-T direction and the dashed line shows the correction voltage for S-I direction. 

5.4 DISCUSSION 
 
In this chapter a line scanning laser ophthalmoscope has been proposed as a retinal 
tracker to correct for micro-saccades. The design requires an integration of a few 
extra optical components instead of a separate SLO imaging system, keeping the 
system low cost and small. The tracker runs simultaneously with the scanning 
mirror of the retinal imaging system, in our design an AOa-OCT system. Although 
the tracking speed needs to be increased, we proved that it is capable of 
maintaining the position of the retina with a maximum residual motion of 79 µm on 
a phantom eye. To correct for a shift of the retina the tracker first detects a shift 
relative to the reference image. A residual motion will therefore always be present 
in between frames. With a frame rate of 21 frames per second residual motions due 
to micro saccades of approximately 100 µm can be expected. This low frame rate 
was partly due to a slow interface between the software and the scanning mirror. 
When the tracker speed can be increased a lower residual movement (in the order 
of the lateral resolution) can be expected. The tracker is designed so that it can 
handle high speed imaging with a frame rate of at least 280 frames per second to 
correct for micro-saccades. The duration of micro saccades ranges from 4-25 ms 
and induces a rotation of the eye up to 0.3°. The presented tracker used a frame rate 
of 21 frames per second.  

The light from the light source has a Gaussian distribution. To improve the accuracy 
of the tracker in Superior-Inferior direction the distribution of the light should be 
uniform. With a Gaussian distribution of the light, structures in the inferior and 
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superior part of the retina are not as clearly visible as to those in the center, which 
in combination with the lower pixel resolution in vertical direction could decrease 
the sensitivity to small motions in this direction. The use of a multi-mode fiber 
provides a homogeneous light distribution over the retina. Furthermore, with the 
use of a multi mode fiber the influence of speckle on the tracker performance will 
also be reduced. To add, the pixel resolution in vertical direction is limited by the 
pixel size of the camera and the beam diameter of the SLO system. Increasing the 
beam width enables illumination of more pixels on the camera; however, this 
increases the influence of wavefront aberrations by the eye’s optics. Systems that 
do not use adaptive optics cannot correct for the wavefront aberrations.  

Other groups have designed tracking systems. For instance, the Spectralis spectral 
domain OCT system by Heidelberg (Heidelberg Engineering, Germany) uses a SLO 
imaging system to monitor the positions of the OCT image and thereby track 
motions of the retina. Using an image alignment software algorithm, the SLO image 
is compared to a reference image. As the images can only be corrected for eye 
motions after image acquisition, the tracker in the Spectralis is not an active retinal 
tracking system. The SLO image needs to overlap on 500 points with the reference 
SLO image otherwise the OCT image is deleted and not used for averaging. This 
imaging system has proven that it is capable of recording motion free images, 
however, there are some pitfalls: if a patient suffers from eye diseases like AMD and 
DR or has difficulties fixating because of high age, the image data depends greatly 
on the patient’s coordination. Consequently, the imaging time increases, since it 
takes more time to gather the required amount of OCT images for averaging. This 
can be very stressful for patient and physician. 

Hammer et al. (11) developed a line scan SLO imaging system with a high speed 
retinal tracker. In normal SLO imaging the light is focused on the retina in a ~20 μm 
large spot and scanned over the area of interest. Using a cylindrical lens, the spot 
can be focused into a thin line, so that only one scan mirror is needed to create an 
SLO image. The tracking system requires one extra pair of scanning mirrors, making 
it optically complicated and expensive. The first pair is used to trace out the 
tracking beam in a circular motion on the fundus and then lock the tracking beam 
onto a retinal feature, while the second pair of galvo scanners is used to correct the 
SLO imaging beam and the tracking beam while the eye moves. Eye motion 
stabilization is done by locking the tracking beam using the first pair or scanners 
onto a retinal feature and processing the back reflected light from this beam. The 
lock is only successful when the tracking beam is aimed at a structure with high 
contrast, like blood vessel junctions, hypo pigmentation, and the bright lamina 
cribrosa. An additional disadvantage of this tracking system is that the tracking is 
done at another location in the eye compared to the imaging system. Due to 
rotations of the eye, eye motion of 1° at the optic nerve does not necessarily imply 



CHAPTER 5 

 
82 

 

an eye motion of 1° at the fovea, where the imaging is done. Consequently, this can 
result in inaccurately corrected motion. Tracking at the location where imaging is 
done prevents this discrepancy between the tracked motion and the motion that is 
present at the imaged location. 

Another eye tracking system has been described by Vogel et al. (12) and Yang et al 
(13). Their system is an adaptive optics scanning laser ophthalmoscope (AO-SLO) 
based retinal tracking system. In this study they introduce a map-seeking circuit 
algorithm to do the cross correlation of the retinal images. In this way they are able 
to estimate the within frame motion compared to a reference image, i.e. only 
relative motion is measured.  Since it takes time to acquire a reference image, this 
image can already be distorted by the eye motion. Although its performance is 
impressive, the AO-SLO scans at a much faster rate than the AO-OCT system, so for 
implementation of the Vogel/Yang technique, a separate set of galvanometer 
scanners is required, making the system considerably more complicated and 
expensive. 

5.5 CONCLUSION 
 
We proposed a low cost retinal tracker that compensates for image degrading 
micro-saccades using a line SLO system that is easy to implement in existing 
scanning retinal imaging techniques. Measurements on a model eye and human eye 
demonstrated that a prototype retinal tracker is able to maintain a stable imaging 
platform. Over a measurement time of approximately 7s, residual motions (the 
standard deviation of the movement after tracking) in N-T and S-I direction were 
240 µm and 87 µm in a human eye, respectively. Residual eye motions are expected 
to decline if the acquisition speed of the prototype system is increased. Retinal 
imaging techniques with a tracking system will improve the image quality and 
therefore diagnosis of eye diseases. Retinal position tracking enables extended scan 
periods and averaging of multiple scans. The latter will diminish speckle in OCT 
images with minimal effect on imaging resolution. Furthermore, the retinal tracker 
that compensates for lateral motions uses physical landmarks and therefore 
precisely aligned scans can be compared months apart. 
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