Nonlinear registration for scanned retinal images:
application to ocular polarimetry
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Retinal images of approximately 1° of visual field were recorded with a homemade scanning laser
ophthalmoscope. The benefit of using a nonlinear registration technique to improve the summation process when averaging frames, rather than a standard approach based on correlation, was assessed. Results suggest that nonlinear methods can surpass linear transformations, allowing improved contrast
and more uniform image quality. The importance of this is also demonstrated with specific polarization
measurements to determine the degree of polarization across an imaged retinal area. In such a context,
where this parameter of polarization is extracted from a combination of registered images, the benefit of
the nonlinear method is further increased. © 2008 Optical Society of America
OCIS codes:
100.2000, 100.2980, 110.5405, 170.5755, 330.7327.

1. Introduction

Imaging of the human eye fundus with high resolution has gained in importance in recent years [1–4],
not least because of the possibilities offered with
adaptive optics to image with near diffractionlimited resolution near the fovea, resolving cone
photoreceptors and ganglion cells, allowing blood cell
tracking and optical slicing of the retina, and providing improved diagnostics of retinal abnormalities
[1,5–9]. Ideally, adaptive optics allows one to overcome the limitations imposed by the optics of the
eye on the resolution of images obtained with scanning laser ophthalmoscopes (SLOs) and other related
techniques. However, since SLO images are typically
obtained by scanning at frame rates in the range of
10–30 Hz, involuntary eye movements can become a
nonnegligible limitation. This issue becomes even
more relevant when the field of view covered by a single frame decreases and a higher resolution is
0003-6935/08/295341-07$15.00/0
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reached. Ocular motion has a negative influence
on image alignment and the often-needed summation process to enhance the overall signal-to-noise ratio [10], as well as on further processing techniques
such as deconvolution [11]. Hardware solutions have
been investigated [12,13], but they typically rely on
complex and costly setups. It is difficult to measure a
given position at the retina with the required precision repeatedly [14] (only recently have highly stabilized stimuli at the level of individual photoreceptor
cones been achieved [15]), and for this reason software solutions have usually been implemented [16].
The standard approach when averaging consecutive image frames is to consider that eye movements
can shift, rotate, or scale each image frame. For highresolution images, however, local disruption can also
degrade the quality within an image. For this reason,
we investigated the potential benefit of using more
complex registration functions and particularly the
use of landmarks within the image [17–20]. To assess
the potential benefit of this technique, we applied it to
two types of retinal image acquired with an SLO. First
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is the classic case where a collection of single frames is
used to produce a final registered image. Second, the
degree of polarization (DOP) is computed from two
differently registered sets of polarimetric images [21].
The instrumental setup and the registration
scheme are described in Section 2. The results of registration are then presented in Section 3. Section 4
presents the conclusions of this study.
2. Method
A. Instrumentation and Experimental Procedure

The images processed in this study were obtained
with a homemade SLO that uses a near-IR laser
diode (operating at a wavelength of 785 nm) as a light
source. This instrument has been described in more
detail elsewhere [21,22]. The signal was recorded
with a photomultiplier tube in front of which a
100 μm confocal pinhole (corresponding to about
17 μm when projected on the retina) discriminated
against unwanted light. At an off-fovea position such
a pinhole can suffice to resolve individual cone photoreceptors even without resorting to adaptive optics
[23]. The use of a coherent light source can make
speckle an issue both in the incoming pathway to
the retina and for the light that reaches the confocal
detector. However, estimated speckle size at the pinhole is only about one sixth of the pinhole diameter,
meaning that some averaging will take place. The
scanning is realized with two galvanometric mirrors,
one of which is resonant at 8 kHz, giving a frame rate
of approximately 15 frames=s with 512 × 512 pixel
images. The use of a frame grabber with a limited
32 Mbyte buffer for image collection does that series
used contained no more than eight individual image
frames.
For the polarimetric images, the experimental
system used was modified to include a polarimeter.
This system has been described previously [21],
but some information is included here for completeness. In brief, the polarization in the incoming
pathway is kept linear by means of a polarizer with
its axis in a vertical position; in the registration pathway a polarization state analyzer is included (which
can be removed at any time). This is a combination of
a rotatory λ=4 plate and another linear polarizer
(parallel to the former), placed in front of the detector. Orienting the axis of the λ=4 plate at −45°, 0°, 30°,
and 60° provides four independent polarization
states (additional information on the reason for
choosing these angles can be found in [24,25]). For
each polarization state, sets of retinal images were
recorded and named I 45 , I 0 , I 30 , and I 60 . Since in
terms of polarization these images are independent,
the spatially resolved Stokes vector (SOUT ¼ ½S0 ;
S1 ; S2 ; S3 T ) of the light emerging from the eye can
be reconstructed from these images [21,26,27]. Elements S1 –S3 represent the pixel-by-pixel polarization state of the light beam, and S0 is the
intensity image. From these four elements of the
Stokes vector, the DOP map was computed as [28]
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DOP ¼

ðS21 þ S22 þ S23 Þ1=2
:
S0

ð1Þ

This parameter contains information on the depolarizing properties of the optics (the eye in the present case) and ranges from 0 (depolarized light) to
1 (totally polarized light). The DOP is directly related
to scattering processes [29]. In our images, higher
values of the DOP (i.e., low levels of depolarization)
would be associated with directional light returning
from the photoreceptors. Conversely, lower DOP values correspond to light suffering from different scattering processes through the retina. A diagram of the
polarimetric procedure is shown in Fig. 1.
B.

Image Processing

Sets of approximately 1° retinal images are
recorded with the SLO. These correspond to extrafoveal regions where cone photoreceptors were visible.
Images extremely degraded (e.g., because of the eyelid) are discarded; the others are corrected for the
nonlinearity of the resonant scanning. A frame is
then selected as the frame of reference for registration. This is perhaps the main drawback of digital
techniques compared with hardware, since there is
no evidence that this frame is not free of local
deformations itself. Stevenson and Roorda [14] proposed an elaborated technique to try to overcome this
problem, but even so this approach has still some
limitations.
In the following, we describe the different registration imaging techniques used in this work. The
quality of the final images is assessed by direct observation (e.g., it facilitates the identification of previously blurred structures) and through two objective
image quality parameters: the root mean square
(RMS) contrast and the acutance. The RMS contrast

Fig. 1. Schematic diagram of the procedure followed to compute
the elements of the Stokes vector and the degree of polarization in
SLO images.

is defined as the standard deviation, relative to the
mean, of the intensity values of each pixel in the image [30]. The acutance is an image quality metric of
sharpness and an indicator of intensity variations in
the presence of features in fundus images [3,31].
1.

Classic Approach (Cross Correlation)

Since the SLO images have a low signal-to-noise ratio, we followed a strategy similar to that described
in [32] and applied a pyramidal low-pass filter (3 × 3
region) to reduce detection noise before calculation
of the cross correlation between individual image
frames before the summation (i.e., a correction of
shift only). We denote this method F0.
2.

Registration Based on Control Points

A group of control points (CPs) visible in each image
is selected so that all CPs are used for calculations.
Each CP is selected manually by clicking on the desired area (see Fig. 2 as an example). This operation
is repeated for each frame. The crossed spots in the
left-hand part of Fig. 2 represent the positions of the
different selected CPs. The large size of the spot is for
illustration only. In practice, the position of the CP is
recorded with a pixel precision. As the large size of
the images impedes clicking on exactly the same feature in each image, a cross-correlation technique is
used to ensure coincidence between each CP (i.e.,
to correct for user-related inaccuracy). When selecting the CP, we tried to have them homogeneously distributed over the image. This was not possible with
areas presenting a high level of noise (see the righthand panel in Fig. 2), in which case the quality of the
registration was typically negatively affected.
Once the matched CPs have been selected in each
image, we need to determine a mapping function (or
transformation) that will use this information to
match the rest of the points in the distorted image.
This process has been extensively investigated, and
several techniques have been developed [20,33–37].
Since the parameters of geometric distortions are

Fig. 2. Example of the distribution of the CPs in a retinal image
which subtends 1° (left). The crossed spots represent the positions
of the different CPs selected. The large size of the spot is for illustration only. In practice, the position of the landmark is recorded
with pixel precision. An SLO image, where no clear features are to
be used as CPs in the encircled area, is depicted in the right-hand
panel. This can significantly affect the result of the registration.

not accurately known, we considered five different
mapping functions each of particular relevance for
our study.
The first transformation (which we denote F1) corresponds to the classic approach, that is, a combination of translation, rotation, and scaling. The second
function (F2) is the projective transformation. This is
the most general linear transformation and allows
one to take into account shear, as produced by a horizontal motion parallel to the fast scan direction, or
tilt (the eye turns around three axes) [38].
The eye rotation together with the angular scanning (at two different velocities) and the fact that
the eye is a nonrigid structure that undergoes brutal
accelerations (over 20; 000 deg=s2 [39]) during the recording process may produce complex deformations,
and that is why we also considered three nonlinear
functions. The first of these are polynomials [19,40].
They allow taking into account torsions and can be
seen as the terms in the Taylor series expansions
of the mapping function. We considered polynomials
of orders 2, 3, and 4 (and we denote the associated
functions, respectively, as F3.2, F3.3, and F3.4).
Similar to the two linear functions (F1, F2), polynomials are global mapping functions; i.e., a single
function is used to register the whole image. This
means that they may fail to characterize local deformation and that each CP will affect the whole image
equally and not only its immediate neighborhood.
For this reason, two local methods (denoted F4 and
F5) were also considered. For the first one, we follow
the technique developed in [40,41]. The image is divided into several regions by Delaunay triangulation. Then affine functions are determined to overlay
pairs of corresponding triangles. Points outside the
convex hull are associated with triangles and their
respective registration functions. We refer to this registration function as F4. The last function (F5) is the
local weighted mean method [40,42]. In this case, a
local second-order polynomial is associated with each
CP that registers it and its N closest neighbors (N is
an arbitrarily chosen number; we found that a value
of 10 provided us with a good compromise between
the number of required control points and the accuracy of the registrations). The value at an arbitrary
point in the image is then given by a weighted sum of
the different polynomials. This weight varies inversely with the distance between the arbitrary point
and the considered CP or polynomial.
Provided with the minimum number of pairs of
CPs for transformations F1–F5 (in order, 2, 4, 6,
10, 15, 4, and 6, i.e. the number of independent parameters for these functions [38,40]), we obtain a system of linear equations that can be solved without
difficulties. If more CPs are supplied, then the problem is overdefined, and we use a least squares minimization to find the optimum parameters. Unlike
previous studies [16,43], our attempt is not to retrieve the exact parameters of the eye movements
that occurred. Therefore, no constraint based on
eye movement characteristics is applied.
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3. Results
A. Standard Retinal Imaging

Our study involves a limited number of frames per
series of acquisitions. Even so, several conclusions
can be drawn based on the processed images.
As expected, the results of image registration depend not only on the chosen mapping function but
also on the number of CPs and their position in
the image. This point is illustrated in Fig. 3, where
the same series of images have been registered two
times by using function F3.2, but with only 7 CPs distributed in the higher part of the image [Fig. 3(a)] or
16 CPs distributed more uniformly [Fig. 3(b)]. The
result of the registration with 16 CPs appears
visually better, and the difference in RMS contrast
(C) and acutance (A) between the two images is approximately 8%.
Another important parameter is the image series
itself, as different deformations can be involved.
Thus, in some cases it was not possible to improve
the outcome significantly over that of translation
and standard deformations (F0 and F1). This point
is illustrated in Fig. 4, where Fig. 4(a) is the direct
sum of the images, Fig. 4(b) the registration with
the classic technique (C − 3:53%, A þ 12:54% compared with the result of the direct sum) and Fig. 4(c)
the registration with F1 and nine CPs (C þ 1:15%,
A þ 10:12%). Functions F2–F5 did not provide better
results here.
For all our series of images, methods F1–F2 performed slightly better than the correlation method
F0 (with F2 giving better results than F1), but without a dramatic improvement, suggesting that taking
the rotation into account is of limited interest.
Figure 5 illustrates this point [Fig. 5(c), registration
with F1, RMS contrast þ6:76%, acutance þ3:62%
compared with Fig. 5(b) registered with F0]. Moreover, Fig. 6 shows that with a global transformation
an improvement in one part of an image may be
associated with a degradation in another part of
the image.
Method F4 allowed noticeable improvements, outperforming method F2, but in only 50% of our cases.
This is probably due to the relatively gross sectioning
of the image when a limited number of CPs are avail-

Fig. 3. (a) 5-frame registered image, using the function F3.2 and
(a) 7 CPs or (b) 16 CPs.
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Fig. 4. (a) Direct sum of five frames; (b) registration with F0;
(c) registration with F1 and nine CPs. Transformations F2–F5
did not provide any improvement in this case.

able and the fact that each triangle is registered with
an affine function.
Method F3.2 and more particularly method F5
provided the best results in 88% of our cases (i.e.,
visually better and higher contrast or acutance) [18].
An example of this is illustrated in Fig. 7, where
Fig. 7(a) is the direct sum and Fig. 7(b) the registration with F5 [C þ 11:32%, A þ 30:36% compared with
Fig. 7(a)]. This means that, even locally, second-order
polynomials are best suited to take into account the
nonlinear nature of the acquisition process and give
the best results. Polynomials of order 3 or 4 tend to
warp the image too much, as we did not impose any
constraints on the parameters of the deformation.
B.

Polarimetric Imaging

In this second part of the study we applied the different methods described in Subsection 2.B to the registration of polarimetric images I −45 , I 0 , I 30 , and I 60 .
Images in the bottom row in Fig. 8 were obtained
as a result of using the standard frame correlation.
As a comparison, landmark-based registration was
used in the images shown in the upper row. For this
particular subject, the best results were obtained
with functions F3.2, F5, or F2. It can subjectively
be observed that polarimetric images registered with
the nonlinear technique (upper panels) show more
details of the retinal structures (mainly photoreceptors). Objectively, the images of the upper panel present an average increase in RMS contrast and
acutance of up to approximately 12% and 8%, respectively, with respect to the images of the lower panel.
From these two sets of four images the corresponding pixel-by-pixel Stokes vector elements were computed. Figure 9 represents the elements S0 − S3. As
expected, since the original sets of polarimetric
images are slightly different, the corresponding

Fig. 5. (a) Direct sum of 5 frames. Registration with functions (b)
F0 and (c) F1 with 16 CPs. The areas delimited by the plain or
dashed white rectangles are represented at a higher magnification
in Fig. 6.

Fig. 6. (a), (c) Details of Fig. 5(b); (b), (d) details of Fig. 5(c).

spatial distribution of the Stokes vector elements
computed from them also differ, although differences
are the most noticeable in S1 .
Since S0 images represent the pixel-by-pixel intensity of the beam emerging from the eye, both qualitative and quantitative comparisons of those two
images can be done. The blood vessel is better seen
in the S0 image corresponding to the linear correlation (bottom left-hand image). However additional
information on other smaller retinal structures is
available when the nonlinear correlation S0 image
is used (upper left-hand image). These details are
of interest for the scope of the present work. This fact
can be corroborated when different image quality
metrics are computed across the images. In particular, the RMS contrast was 32% higher for the upper
left-hand image, and the acutance 31% higher.
Once the Stokes vector elements were known, we
used Eq. (1) to compute the corresponding DOP maps
from images in Fig. 9. As explained above, owing to
the physical meaning of the DOP, these maps may
enhance different structures and provide further
details.
In particular, two main noticeable differences appear when the two images are compared. First, the
image calculated by using the images registered with
the nonlinear method [Fig. 10(b)] appears more detailed and enhanced than the one calculated by using
the images registered with the standard method
[Fig. 10(a)]. Again this can objectively be tested when
the acutance is computed. Acutance for the nonlinear
registration DOP was about 50% higher than that of
linear registration.
Second, the retinal features present in each image
are not entirely similar. Such a difference was already noticeable between each image recorded with

Fig. 7. (a) Registered image (a) using 5 frames and function F0 or
(b) using F5 and 16 CPs.

Fig. 8. Polarimetric images obtained with standard frame correlation (bottom row) and the nonlinear registration method (upper
row). Images subtend approximately 0:8°, and they are shown in
the same order as those in [21].

a given polarization (Fig. 8). Since the polarimetric
parameter is calculated through the combination
of four registered images, the combined effect of misalignment is enforced, thereby highlighting the importance of the proper registration technique.
4.

Conclusions

In this study we implemented a landmark-based
registration technique and investigated which
mapping functions were the best adapted to correct
for eye-movement-caused degradations in highresolution images recorded with an SLO. While more
work is still needed to define the most suitable registration technique, the results suggest that methods
F3.2 and F5 allow a more accurate registration than
standard linear techniques.
This benefit is, however, strongly limited by the necessity of using a large number of landmark tags
(>10), which are difficult to detect automatically (image noise would make a threshold selection criteria
problematic). User detection can also be difficult
when image quality is poor. In practice it is a tenuous
process, and it can be subject to errors due to repetition or fatigue.
In comparison, linear transformations offer a good
compromise in terms of results, robustness, and
computational effort, despite relatively important
assumptions. These transformations have usually
been used by different authors in the literature
although most were applied to improve the imaging

Fig. 9. Spatially resolved Stokes vector elements (S0 , S1 , S2 , and
S3 ) computed from images in Fig. 8.
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5.

Fig. 10. Spatially resolved degree of polarization computed from
the polarimetric SLO images shown in Fig. 9: (a) from bottom row,
(b) from upper row.

of larger retinal areas (optic nerve head, extended
patches containing blood vessels, etc.) where correlations were easier because of the size of the reference
features [3,26,44].
It should be stressed that a poor correlation of image frames may cause the quality of images to deteriorate, but its influence on properties derived from
those images, such as the spatially resolved Stokes
vector or, as shown here, the DOP, may be even more
detrimental and corrupt a proper interpretation.
The calculation of maps of ocular polarization
properties and related physical parameters can be
used for ophthalmological applications and clinical
diagnosis. For instance, measurements of the retinal
nerve fiber layer thickness around the optic nerve
head, obtained from maps of retinal birefringence,
are of value in the diagnostic of glaucoma [45]. In
addition, depolarized light images have been reported to improve the visibility of pathological retinal areas [46,47].
An appropriate image registration becomes of utmost importance when one is computing polarization
properties in small retinal areas [48], improving
SLO imaging by the use of polarimetric techniques
[21,26,45], or imaging in eyes with high levels of scattered light [3], among others. In such cases, the benefits allowed by a nonlinear mapping technique may
well overcome the difficulties involved in the process.
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