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We present a polarimetric technique to improve fundus images that notably simplifies and extends a previous
procedure [Opt. Lett. 27, 830 (2002)]. A generator of varying polarization states was incorporated into the il-
lumination path of a confocal scanning laser ophthalmoscope. A series of four images, corresponding to inde-
pendent incoming polarization states, were recorded. From these images, the spatially resolved elements of the
top row of the Mueller matrix were computed. From these elements, images with the highest and lowest qual-
ity (according to different image quality metrics) were constructed, some of which provided improved visual-
ization of fundus structures of clinical importance (vessels and optic nerve head). The metric values were bet-
ter for these constructed images than for the initially recorded images and better than averaged images.
Entropy is the metric that is most sensitive to differences in the image quality. Improved visualization of fea-
tures could aid in the detection, localization, and tracking of ocular disease and may be applicable in other
biomedical imaging. © 2007 Optical Society of America
OCIS codes: 120.5410, 180.1790, 110.3000, 120.3890, 170.3880, 330.4460.
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. INTRODUCTION
he reliability of ophthalmic diagnoses of retinal diseases
nd abnormalities is strongly dependent on the quality of
undus images. This quality is limited by the aberrations
f the eye,1–3 intraocular scatter,4,5 and the properties of
he light reflected from the fundus structures.6 Although
onger wavelengths and confocal pinholes reduce image
egradation due to scattered light in scanning laser oph-
halmoscopes (SLOs),6,7 scatter still reduces the contrast
f the imaged structures.8–11 Other techniques to enhance
he quality of fundus images include the averaging of
mages,12,13 correction of the ocular aberrations,1,14–18 and
econvolution procedures.19,20

The human eye has complicated polarization properties
hat are used for clinical diagnosis.21,22 The use of simple
olarizing elements has been shown to enhance the view
1084-7529/07/051337-12/$15.00 © 2
f endothelial cells,23 discontinuities in the crystalline
ens,24 and retinal structures.25 Although the double-pass
oint-spread function is nearly independent of the state of
olarization of the incident light,26 depolarized light im-
ges can improve the contrast of retinal blood vessels27

nd subretinal features.28 Commercially available polari-
etric devices are used mainly for glaucoma

iagnosis22,29 and rely on linear polarization. The image
ssociated with depolarized light provided by a commer-
ial instrument has also been reported to provide en-
anced fundus images in pathological eyes.28,30,31 We will
se the complex differential polarization properties of
undus structures to improve the visualization of clini-
ally important fundus structures with a confocal scan-
ing laser ophthalmoscope (CSLO).
While complete Mueller matrix systems have been
007 Optical Society of America
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uilt to extract the ocular polarization properties21,32–35

nd to reduce noise and improve contrast in CSLO
mages,36 reduced versions can capture much of the
nformation37,38 and can improve images with less
ffort.39 In the current paper we have extended and sim-
lified our previously reported method36 by reducing the
umber of recorded images from 16 to 4. This is based on
he fact that only the elements of the first row of the
ueller matrix are needed to construct the intensity im-

ge. Images corresponding to only four independent in-
oming polarization states in the generator unit are used
o compute the spatially resolved elements of the first row
f the Mueller matrix of the eye and instrument combina-
ion. Moreover, in this simpler method, the analyzer unit
n the recording pathway and the calibration procedure
re not required.
The present study uses data from our simplified polar-

meter and the global image quality metrics signal-to-
oise ratio (SNR),40 entropy,41 and acutance42 to assess
he quality of polarimetric images of blood vessels and the
ptic nerve head (ONH). Previously, only SNR and con-
rast have been used to quantify polarimetric
mprovements.27,28,36,39 Intersubject and intrasubject
ariations in the polarization properties of the retinal
erve fiber layer (RNFL) near the ONH are important for
phthalmic diagnosis,22,29,43 as is the morphology of the
NH.44–46 We will demonstrate that our method improves

he imaging of different parts of the healthy ONH.

. METHODS
. Experimental System and Procedure
schematic diagram of the polarimetric CSLO used in

his work is depicted in Fig. 1. The experimental system
ncorporates a generator of polarization states in the illu-

ination arm (Fig. 1). This generator unit (GU) is com-

ig. 1. Schematic diagram of the polarimetric CSLO: P, linear
olarizer; QWP, rotating quarter-wave plate; BS, beam splitter;
L, collector lens; AP1 and AP2, pinholes; PMT, photomultiplier
etector; GU, generator unit.
osed of a fixed vertical linear polarizer (P) and a rotating
uarter-wave plate (QWP). The size of a 633 nm colli-
ated laser beam is dependent on aperture AP1. This

eam passes through the GU and is scanned in two di-
ensions by a rotating polygon mirror (horizontal X scan)

nd a galvanometer (vertical Y scan). The beam enters
he eye and is focused onto the fundus. This incident
eam is 2.5 mm in diameter when using the configuration
or a 10° field image and is 3.3 mm in the 15° field con-
guration. In the recording pathway, the light emerging
rom the eye is descanned and reaches the recording arm
omposed of a collector lens (CL), a confocal pinhole
AP2), and a photomultiplier tube (PMT). The return
athway caused little alteration in the light
olarization,36 and the PMT had similar sensitivity to dif-
erent polarizations.

To minimize misalignments during recording, the sub-
ects used a bite bar mounted on a three-axis positioning
tage. Alternating eyes of four young-adult subjects with
o ocular pathologies and normal vision were imaged in
0° or 15° fields. When necessary, lenses focused the light
nto the fundus plane of interest. Each eye’s pupil was di-
ated using 0.5% tropicamide. Measurements were made
t two different locations: (1) a retinal area with visible
lood vessels and (2) the ONH. Retinal areas containing
lood vessels between the fovea and the ONH for subjects
and 2 and anterior to the ONH in subject 4 were im-

ged. All subjects provided informed written consent.
hese experiments received ethics approval from the Uni-
ersity of Waterloo Human Ethics Committee.

Images were viewed in real time and streamed to a
omputer disk at 28.5 Hz. For each condition, a reference
aw background image (taken of an empty field) was cho-
en and additional background frames with the highest
orrelation to this reference image were determined. The
verage of these eight background frames was subse-
uently subtracted from each selected raw frame of a sub-
ect’s eye. For each experimental ocular imaging condi-
ion, an initial frame was selected. After background
ubtraction, this frame and the additional frames with
aximum correlation were aligned, rotated, and aver-

ged. Images used to calculate the Mueller matrix ele-
ents were the average of four or eight frames. Averages

f 32 frames taken with linearly polarized light were also
sed for comparison.
In a given fundus location, video segments correspond-

ng to four independent incoming polarization states, in-
luding linear, circular, and elliptical polarizations, were
ecorded. These polarization states are achieved in the
U by rotating the fast axis of the QWP to −45° ,0° ,30°,
nd 60° as described elsewhere.36,47 From these four im-
ges, the elements of the top row of the combined “eye
lus instrument” Mueller matrix are computed as a func-
ion of pixel position (see Appendix A). These four ele-
ents are enough to compute (by means of linear combi-
ations) the resulting retinal image for any incoming
otally polarized state (see Subsection 2.B). Resulting im-
ges with the minimum and maximum values of three im-
ge quality metrics were chosen to be compared with the
riginal images. This is explained in detail using the
ueller matrix formalism in Appendix A and in the fol-

owing section.



B
O
t
a
s
c
t
=

t
s
i
I
t
h
p
L

l
o
A
o
t
w
t
c
h
v
r

r
a
s

T
h
c
s
e
q
i
u
t
t
c
I
t
m

w
w
b
n
s
p
c
m

3
A
F
i
d
f
s
m
h
o
a
i
i
A

F
m

Bueno et al. Vol. 24, No. 5 /May 2007/J. Opt. Soc. Am. A 1339
. Image Construction
nce the elements of M0, the first row of the Mueller ma-

rix, are known, we constructed (approximately) 2592 im-
ges, I�OUT� as a function of pixel position �x ,y�, corre-
ponding to a set of incident Stokes vectors, SIN�� ,��,
overing the Poincaré sphere in increments of 5° in longi-
ude (i.e., 2*azimuth=2*�) and latitude (i.e., 2*ellipticity
2*�), by means of

I�OUT� = �m00
�C� m01

�C� m02
�C� m03

�C�� · �
1

cos�2�� · cos�2��

sin�2�� · cos�2��

sin�2��
�

= M0 · SIN. �1�

Three image quality metrics (SNR, entropy, and acu-
ance) were used to quantify the image quality of all con-
tructed images. Since I�OUT��x ,y� is the intensity of each
ndividual pixel, SNR is defined as the ratio of the mean
�OUT��x ,y� to the standard deviation of I�OUT��x ,y� across
he entire image.40 A good quality image is expected to
ave a large SNR. Entropy is not the traditional image
rocessing definition41 but rather Shannon entropy (MAT-

AB, The Math Works, Inc.), which depends on the abso-
ute values of the intensity levels. The larger the number
f bright pixels in an image, the higher the entropy value.
cutance is a metric of sharpness42; that is, the presence
f high spatial-frequency details in an image is expected
o provide a high acutance value. Moreover, the acutance
ill be zero for a constant intensity image regardless of

he gray level. This metric has previously been used to
haracterize breast tumors,48 and fundus images with
igh acutance have been postulated to show enhanced
iews of the RNFL.42 Further information on these met-
ics can be found in a companion paper in this issue.11

The analysis routine evaluates the image quality met-
ics across the averaged, experimentally measured im-
ges (corresponding to four different input polarization

tates) and those produced by calculation using Eq. (1). s
he calculated (constructed) images corresponding to the
ighest and lowest values of each metric, as well as the
orresponding (theoretical) Stokes vectors SIN, were
aved and compared with the four measured (four- or
ight-frame-averaged) images. Maximizing an image
uality metric is a well-known method of producing better
mage quality. In our case, the images with minimum val-
es for the metrics appeared to give additional informa-
ion. The Stokes vectors give the relative weighting of
he Mueller matrix elements in the best and worst
onstructed images. This method produces images,
�OUT��x ,y�, representing many different input polariza-
ion states that may not be easily obtained in an experi-
ental system.
Moreover, the constructed images were also compared

ith those obtained from averaging 32 frames measured
ith linearly polarized light. This controls for the possi-
ility that image improvement is simply due to a larger
umber of initial images being combined. Images corre-
ponding to nonpolarized incident light were also com-
uted for comparison. This image corresponds to an auto-
ontrasted image of the element M00 of the Mueller
atrix. All image processing was performed in MATLAB.

. RESULTS
. Effect of Frame Averaging on Fundus Images
igure 2 shows the result of frame averaging in fundus

mages of blood vessels recorded with the CSLO for three
ifferent subjects. Single frames and the averages of four
rames are presented. By direct inspection, it can be ob-
erved that, in all cases, there is a noticeable improve-
ent in the image quality. In images of blood vessels,
ere we observe that contrast increases, especially in the
riginally darker areas, and that some local details that
re difficult to observe in the original images become vis-
ble. SNR and entropy both increase with frame averag-
ng, consistent with the observed image improvement.
cutance however, decreases with frame averaging, in

pite of the subjective improvement.
ig. 2. Improvement in CSLO images by frame averaging: single frames (upper row) and averages of four frames (bottom row). Left,
iddle, and right panels correspond to subjects 1, 2, and 3, respectively. Images subtend 3.3°.
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. Image Quality Improvement through Polarization
maging

. Blood Vessel
olarimetric images of subject 2 for a retinal area of 5.6°
ontaining blood vessels between the fovea and the ONH
re depicted in the upper row of Fig. 3. For this subject,
he measured image with the largest values of SNR and
ntropy corresponded to circularly polarized light, while
hat for the largest value of acutance corresponded to el-
iptically polarized light. The four spatially resolved ele-

ents of the Mueller matrix computed from these images
re given in the bottom row of Fig. 3.
Figure 4 shows the images with the minimum and
aximum values of the three image quality metrics ob-
ottom.
ained using the computational procedure described in
ubsection 2.B. For comparison, we also include an aver-
ge of 32 initial images taken with linearly polarized light
nd the constructed image corresponding to incident non-
olarized light. The metric values corresponding to the
2-frame-averaged image were between the highest and
he lowest values obtained with our procedure.

Figure 5 shows results for blood vessels in subject 4 for
larger area ��7.7° �. The top row of the Mueller matrix

s shown as well as experimental and constructed images.
hese images correspond to vessels located anterior to the
NH. For each of the three metrics, the highest metric
alue for the initially recorded images corresponded to
inearly (vertically) polarized light. This initial image is
ig. 3. Polarimetric CSLO images for subject 2 (upper row). Each image (an average of eight frames) corresponds to an independent
ncoming polarization and subtends 5.6°. Symbols at the bottom-left corner of each image indicate the orientation of the fast axis of the
otating QWP with respect to the linear polarizer in the GU (circle, −45°; vertical line, 0°; ellipses, 30° and 60°). Spatially resolved
lements of the first row of the Mueller matrix are shown in the bottom row. The gray level code for the Mueller matrix is shown at the
ig. 4. Images for a retinal region of 5.6° in subject 2 computed from the Mueller matrix elements in Fig. 3. The figure shows con-
tructed images with maximum SNR (a), minimum SNR (b), maximum entropy (c), minimum entropy (d), maximum acutance (e), mini-
um acutance (f), the image for incident nonpolarized light (g), and an average of 32 frames taken with a QWP orientation of 0° (h).
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hown with constructed images for maximum values of
NR and entropy and the average of 32 initial images
aken in linearly polarized light.

For both subjects and retinal regions, the improve-
ents in the images obtained using this polarization
ethod were noticeable. When SNR and entropy were
aximized, the images of blood vessels appeared to im-

rove and some small fundus features were much better
efined. The results are less clear for acutance (Fig. 4).
or this reason, Fig. 5 emphasizes results from SNR and
ntropy. For all metrics across subjects, except SNR in
ubject 4, the maximum metric values for constructed im-
ges were higher than the metric values for an average of
2 frames (taken with linear polarization). The images for
onpolarized incident light gave good apparent quality in
ach subject, with metric values higher than those of the

ig. 6. Improvement in both SNR and entropy for blood vessel
mages of two subjects (subject 2, black bars, images shown in
igs. 3 and 4; subject 4, white bars, images shown in Fig. 5). La-
els 1, 2, and 3 correspond to (1) results of the improvement
iven by averaging of 32 frames with linear (vertical) polariza-
ion, (2) image for nonpolarized incident light �M00�, and (3) con-
tructed image with the maximum metric value, respectively.
he improvements are calculated with respect to the polarimet-
ic eight-frame-averaged original image with the highest metric
alue. The results indicate that improvements in image quality
re dependent on information obtained with other than vertically
olarized light. Not shown is that the M00 image had metric val-
es higher than those of the initial image (average of eight
rames) taken with linearly polarized light.

ig. 5. Elements of the first row of the Mueller matrix (left) an
. (a) Original image (average of eight frames) with the highest S
c) constructed image with maximum entropy; (d) average of 32 f

ueller matrix is shown in the center.
nitial images taken with linearly polarized light but with
alues of each image quality metric lower than the maxi-
um value for constructed images.
For a quantitative comparison, the improvement in

oth SNR and entropy (in percent) are depicted in Fig. 6.
he improvement depended on each subject. For acu-

ance, entropy, and SNR, the maximum metric value for
he constructed polarization image was higher than those
f all initial images and higher than those of the unpolar-

ig. 7. (a) Poincaré sphere for the blood vessel images of subject
. Shown are the Stokes vectors corresponding to maximum SNR
solid triangle), minimum SNR (open triangle), maximum en-
ropy (solid circle), minimum entropy (open circle), maximum
cutance (solid square), and minimum acutance (open square).
b) Longitude (2*Azimuth, solid symbols) and latitude
2*Ellipticity, open symbols) on the Poincaré sphere of the
tokes vectors, providing the images with maximum and mini-
um SNR, entropy (E), and acutance (A) for vessel images for

ubject 1 (circles) and for subject 4 (squares).

tructed images for a retinal area 7.7° across the ONH of subject
tropy, and acutance; (b) constructed image with maximum SNR;
taken with a QWP orientation of 0°. The gray-level code for the
d cons
NR, en
rames
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zed light images. For all but one case of SNR, the con-
tructed polarization image with the maximum metric
alue was also better than that corresponding to averag-
ng 32 frames (taken at linear polarization). Entropy ap-
ears to give a larger and more consistent improvement
han SNR.

Finally, Fig. 7(a) shows the Poincaré sphere, with the
tokes vectors providing the maximum and minimum
alues for SNR, entropy, and acutance for blood vessels
or subject 2. In general, maximizing or minimizing differ-
nt metrics corresponds to a Stokes vector on a different
art of the sphere. Figure 7(b) shows the coordinates on
he Poincaré sphere of the Stokes vectors for two other

ig. 8. CSLO images for the ONH of subject 3 corresponding to
U (upper panels) and spatially resolved elements of the first row
ers at the bottom-left corner of the upper images indicate the or
olarizer in the GU. The gray-level code for the Mueller matrix is
e used for later comparisons.

ig. 9. Constructed images for the ONH of subject 3. The figur
aximum entropy (c), minimum entropy (d), maximum acutanc

ight (g).
ubjects’ blood vessel images, subject 1 (images not
hown) and subject 4. These Stokes vectors also vary with
ubject.

. Optic Nerve Head
he upper panels in Fig. 8 depict a set of CSLO polari-
etric images for the ONH of subject 3. From these im-

ges, the first four elements of the spatially resolved
ueller matrix were calculated (Fig. 8). Some blood ves-

els and certain structures of the ONH, including the
amina cribrosa and neural retinal rim, can be seen in el-
ments M00, M01, and M02. However, the element M03
hows less detail. The constructed images providing the

erage of four frames in each of the four polarization states in the
Mueller matrix (bottom panels). Each image subtends 7°. Num-

on of the fast axis of the rotating QWP with respect to the linear
at the bottom. The area inside the square on the first image will

s constructed images of maximum SNR (a), minimum SNR (b),
inimum acutance (f), and the image for incident nonpolarized
the av
of the

ientati
shown
e show
e (e), m



m
a

v
l
w
[
m
a
i

s
F
r
a
t
M
p

p
r
e
c
t
m
a
l
s
f
e
t
n
1
t
t
o

F
8
i s. The

F
i
t
c

Bueno et al. Vol. 24, No. 5 /May 2007/J. Opt. Soc. Am. A 1343
aximum and minimum values for SNR, entropy, and
cutance are presented in Fig. 9.
For this subject, the constructed images in Fig. 9 pro-

ide detail not available in the original images. The
amina cribrosa pore structure is more visible in images
ith minimum SNR [Fig. 9(b)] and minimum entropy

Fig. 9(d)]. Note the similar details among images with
aximum SNR [Fig. 9(a)], maximum entropy [Fig. 9(c)],

nd the image for depolarized light [Fig. 9(g)]. Acutance
mages provide a differing view of the ONH structures.

We centered our attention on the lamina cribrosa, a
ubsection of the ONH images (that marked on Fig. 8).
igure 10 shows the corresponding elements of the top
ow of the Mueller matrix as well as the constructed im-
ges for maximum and minimum SNR. The Mueller ma-
rix contains information about the lamina structure.
inimum and maximum SNR give differing views of the

ore structure.

ig. 10. Elements of the first row of the Mueller matrix (left) and
. (a) Original image with the highest SNR, (b) constructed image
mage subtends 2.5°. Numbers at the bottom are the SNR value

ig. 11. Polarimetric CSLO images of the ONH for subject 2 (
ndependent incoming polarization. Symbols at the bottom-left c
ating QWP with respect to the linear polarizer in the GU. Elem
orresponding gray-level code are shown in the bottom row.
Results for the ONH of an additional eye (subject 2) are
resented in Figs. 11 and 12. The initial images and top
ow of the Mueller matrix are in Fig. 11. Values for the
lement M03 are close to zero, but some features are
learly visible in elements M00, M01, and M02. In Fig. 12,
he constructed images with maximum and minimum
etric values are presented. The normalized image M00,

s well as the 32-frame-averaged image for the linear po-
arized incoming light image, are also shown. A direct ob-
ervation again shows that lamina pore structure is best
or images of minimum SNR [Fig. 12(b)] and minimum
ntropy [Fig. 12(d)]. Maximum SNR [Fig. 12(a)] and en-
ropy [Fig. 12(c)] provide good images of the neural reti-
al rim. The image for nonpolarized incident light [Fig.
2(g)] gave similar views. Minimum and maximum acu-
ance emphasize differing features and provide poten-
ially useful information. As expected, the metric values
f the original images fall between the maximum and the

ructed images for the subarea of the ONH images marked in Fig.
aximum SNR, (c) constructed image with minimum SNR. Each

gray-level code for the Mueller matrix is shown in the center.

row). Each image corresponds to an eight-frame average for an
of each image indicate the orientation of the fast axis of the ro-
f the first row of the spatially resolved Mueller matrix with the
const
with m
upper
orner
ents o
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inimum values of images constructed by using the
resent method. Elliptically polarized light (Fig. 8) gave
he highest initial values of all metrics. For acutance, en-
ropy, and SNR, the maximum metric values for the con-
tructed polarization images of this subject were higher
han those of all initial images, higher than those of the
onpolarized incident light images, and also higher than
hose corresponding to averaging 32 frames taken at lin-
ar polarization [Fig. 12(h)]. The minimum metric values
or constructed images (which also give important views
f ONH structures) were lower than those of all initial im-
ges and lower than those of the images for incident non-
olarized light. For SNR and entropy they were also lower
han those corresponding to averaging 32 frames (taken
t linear polarization). This averaged image, however,
ave a value of acutance lower than the lowest value for a
olarimetric initial image. Entropy values for the con-
tructed images differ by larger percentages from the ini-
ial, averaged, and incident nonpolarized light images
han do SNR values. Again, the amount of change in im-
ge quality metrics in the polarimetric images depends on
ach subject.

The location on the Poincaré sphere of the Stokes vec-
ors producing the images with maximum and minimum
NR values for the two analyzed areas of the ONH in sub-

ect 3 (the whole image and the subsection) are depicted
n Fig. 13. There are noticeable differences between the
wo sets of vectors, which would suggest that results us-
ng this method depend on the analyzed area of the im-
ge. The coordinates of the Stokes vectors providing the
onstructed images with maximum and minimum metric
alues for the entire ONH in subjects 2 and 3 are plotted
n Fig. 14. The values are subject dependent.

. DISCUSSION
. Polarimetric Imaging
e have reported a simplified and extended polarimetric

echnique that improves the objective quality of fundus
mages. This is a modification of our previous method36

hat reduces both image recording and processing times.

tance (e); with lowest SNR (b), entropy (d), and acutance (f). (g)
ith a QWP orientation of 0° (linear polarized incident light).
ig. 13. Poincaré sphere with the Stokes vectors corresponding
o the constructed images with maximum (solid symbols) and
inimum (open symbols) SNR values in subject 3 for the whole
NH image (Fig. 9; �7° across, circles) and a small area within
ig. 14. Longitude (2*Azimuth, solid symbols) and latitude
2*Ellipticity, open symbols) on the Poincaré sphere of the Stokes
ectors providing the images with maximum and minimum SNR,
ntropy (E), and acutance (A) for ONH images of subjects 2
squares) and 3 (circles).
ig. 12. Subject 2’s images with highest SNR (a), entropy (c), and acu
onpolarized incident light image and (h) average of 32 frames taken w
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llumination in the registered images increases over our
revious technique, as a polarization analyzer unit is no
onger required. The series of four images measured (each
orresponding to an independent incoming polarization
tate) and the resulting elements of the top row of the
ueller matrix contain information additional to that

ormally present in CSLO and SLO images, which use
inearly polarized light. The improvements in image qual-
ty observed are due to spatial differences (across pixels)
n the Mueller matrix elements that we have used to con-
truct improved images. Although the constructed images
or nonpolarized incident light were also of good quality,
he presence of contrast in all Mueller matrix elements
ndicates that vessels and ONH structures interact differ-
ntially with both linearly and circularly polarized light.
e have utilized this interaction to produce improved im-

ges. The images produced could not easily be directly
easured. The method may be generally applicable to

iomedical images of tissues with spatially varying polar-
zation properties. The metrics indicate, in the majority of
ases, an improvement of the constructed images over im-
ges taken with linearly polarized light and that metric
alues are better for constructed images than for initially
easured images.
Bueno and Vohnsen39 have developed a polarimetric

igh-resolution CSLO to maximize the contrast across
etinal blood vessels of small retinal areas. The instru-
ent used fixed incoming linear polarization and modu-

ated the light emerging from the eye to reconstruct
tokes vectors. This configuration clearly differs from the
resent one, although both have a common goal, to im-
rove fundus image quality. The present configuration,
odulating the incoming polarization state, has the ad-

antage of higher light intensity in the images.

. Image Quality Metrics
reviously, we used a polarimetric method in conjunction
ith maximizing the SNR.35 Here we have compared the

esults obtained using SNR, entropy, and acutance. As ex-
ected, maximizing image quality metrics produces sub-
ectively better images of some structures. Minimizing
hese image quality metrics also appears to be useful, pro-
ucing subjectively better images of different structures.
his is consistent with the polarization properties that
re spatially dependent, differing among fundus features.
mages with maximum values of SNR and entropy appear
imilar, but the improvement in and range of entropy val-
es are larger and more consistent. Elsewhere, we have
ound that entropy better differentiates CSLO images
aken in differing conditions.11 Although acutance has
reviously been proposed as a metric for improving RNFL
mages,42 it has yet to be applied successfully. Here, al-
hough it does not improve with frame averaging, maxi-
izing or minimizing acutance values provides differing

nd potentially useful views of fundus structures. In im-
ging the ONH, both maximum and minimum values of
ntropy and acutance are useful in enhancing differing
NH structural details, including those important to the
iagnosis of glaucoma. There were differences in the
tokes vectors giving maximum or minimum image qual-

ty among the metrics.
The metrics described here objectively quantified im-
rovements in quality in our constructed images. Subjec-
ively, the images produced also appear to enhance differ-
nt fundus features. Hutchings and colleagues49 have
ecently begun to correlate the subjective quality of CSLO
undus images, obtained through polarimetry, with these
bjective measures.

. Comparison with Frame Averaging
ike others,11–13,50 we have used image correlation, regis-
ration, and frame averaging to improve CSLO images.
rame averaging improves the quality of images recorded
ith a confocal scanning laser system, since it reduces

andom noise. This improvement can be obtained inde-
endent of the polarization of the reflected light and has
een recently reported in samples providing specular, dif-
use, and partially depolarizing reflections.51 Entropy and
NR improved with averaging but indicated that, except

or one case, the improvements with the polarimetric
ethod were larger than those obtained by averaging the

ame total number of frames taken with only linearly po-
arized light. The observed decrease in acutance with
rame averaging (in spite of the subjective improvement),
lso shown elsewhere,11 might be due to a reduction in
peckle noise.11

. Enhancement of Different Fundus Features
e chose to maximize and minimize the quality of the
hole image, as images with maximum acutance have
reviously been suggested to enhance the visualization of
he RNFL.42 We applied the method to extended images of
ifferent areas of the fundus. In diagnosing disease,
arger field images with multiple features, for example, of
he ONH, are often used. The optimization procedure can
lso be applied to different areas of interest in the images
n order to enhance them separately. The polarization
tates of the Stokes vectors that enhanced different struc-
ures differed. There were also differences in the degree to
hich the Stokes vectors produced maximum or mini-
um image quality among subjects.
The results presented here on blood vessel images have

hown that our method can increase the quality of retinal
nd ONH blood vessel images and their visibility. We
ere able to construct polarimetric images with higher
alues of image quality metrics compared with any of the
our original images and compared with the M00 image.
he subject dependence of the blood vessel results agrees
ith our previous results using the full Mueller matrix
nd SNR as the metric.36

Constructed M00 images of blood vessels were also of
etter quality than the (eight-frame-averaged) original
mages taken with linearly polarized light, consistent
ith improvements reported by Weber et al. for their de-
olarized light images.27 However, in one subject, for all
hree metrics tested here, image quality metric values
ere always worse in this M00 image than the highest
alues among images initially taken. According to all im-
ge quality metrics, the best constructed images were al-
ays better than the M00 image for these subjects.
Polarimetric imaging was also successful in improving

mages of the ONH. Additional information is available on
he structures within the ONH by the use of both circu-
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arly and linearly polarized light. Different metrics and
heir maximums and minimums produce subjectively bet-
er images depending on whether vessels, lamina, or a
ubregion of the ONH was considered. Here, manipulat-
ng acutance highlighted combinations of structures, dif-
erent from those given by SNR and entropy. Within an
ndividual subject, the Stokes vectors for a metric maxi-

um or minimum also depend on the analyzed region.
his suggests that these methods may allow improve-
ent of details within a specific image dependent on the

ctual physical properties of retinal features. In addition,
n analysis of some of the individual Mueller matrix ele-
ents might also help in identifying small structures and

eatures. Once specific features (blood vessels and lamina
ribrosa) are more visible, automated segmentation50,52 of
n image might be easier and both objective and subjec-
ive diagnosis could improve.

The polarization states (Stokes vectors) that gave the
est and the worst metric values for the ONH images
how that there are again differences among subjects
Fig. 14), which presumably reflect the different diattenu-
tion properties across the image.53 It can also be seen
hat in most cases for a given metric, the Stokes vectors
roviding the images corresponding to the maximum and
inimum metric values fall far apart on the Poincaré

phere. In the future, once the range of Mueller matrix
alues of the ONH and vessels among normal and patho-
ogical eyes is better known, the number of computations
equired to produce the enhanced images may be reduced.

. Polarized and Nonpolarized Light Images
or ONH images in these subjects, values of entropy and
NR were always higher in the image for nonpolarized in-
ident light than in some of the original images taken
ith polarized light. However, for some subjects, values of
cutance were lower in this M00 image. This suggests that

00 images might provide information not present in the
mages taken with polarized light. Although, for all met-
ics, images could always be constructed with polarized
ight to give metric values higher than those of M00 im-
ges, further experiments (mainly with older and patho-
ogical eyes) may reveal that a combination of both types
f images would be useful in clinical diagnosis.54 Our
echnique has the advantage that it allows us to construct
he image corresponding to both polarized and nonpolar-
zed incident light.

. CONCLUSIONS
he combination of Mueller matrix polarimetry and
SLO imaging of the fundus has been shown to enhance

mages of many different structures. This method pro-
ides a step forward in improving CSLO fundus imaging,
ince more structural details and small features, which
ere not discernible in the original images, can be ob-

erved. Since the study and treatment of retinal diseases
re based mainly on the direct observation of the fundus,
oor image quality can lead to a failure of diagnosis or to
n inability to treat. Although this improved imaging pro-
edure has been tested only in healthy normal eyes, it
ay also aid in visualization and in monitoring and quan-

ifying changes in the fundus structures (for example, the
amina cribrosa and blood vessels) associated with pa-
hologies. Technically, an implementation with liquid
rystals or photoelastic modulators could speed up the re-
ording time. This would be very useful in a clinical envi-
onment.

PPENDIX A: MUELLER MATRIX THEORY
or each independent polarization state emerging from

he GU, SG
�i�= �S0G

�i� , S1G
�i� , S2G

�i� , S3G
�i� �T �i=1,2,3,4�, the

tokes vector associated with the light reaching the PMT,

F
�i�, is given by

SF
�i� = MC · SG

�i� = MSYST
�2� · Meye · MSYST

�1� · SG
�i�, �A1�

here MC=m1m
�C� �l ,m=0,1,2,3� is the Mueller matrix of

he system (eye plus instrument); Meye is the Mueller ma-
rix of the eye, including the two passes; and MSYST

�1� and

SYST
�2� are the Mueller matrices of the confocal instru-
ent itself (lenses, scanning unit, beam splitter) for the
rst and second passages, respectively. Although

eye ,MSYST
�1� , and MSYST

�2� are not known, we will be able to
btain the first row of the combined Mueller matrix MC.

The first element of the SF
�i� in Eq. (A1), IF

�i�, corresponds
o the intensity of the recorded pixel. Since we have four
ncident SG

�i�, then this can be expressed as

IF = �
IF

�1�

IF
�2�

IF
�3�

IF
�4�
�

T

= �m00
�C� m01

�C� m02
�C� m03

�C�� · �
S0G

�1� S0G
�2� S0G

�3� S0G
�4�

S1G
�1� S1G

�2� S1G
�3� S1G

�4�

S2G
�1� S2G

�2� S2G
�3� S2G

�4�

S3G
�1� S3G

�2� S3G
�3� S3G

�4�
�

= M0 · MG, �A2�

here M0 is the row vector whose elements are the first
ow of the Mueller matrix MC and MG is a 4�4 auxiliary
atrix containing the four incident Stokes vectors. Fi-
ally, M0 is obtained by inversion of Eq. (A2):

M0 = IF · �MG�−1. �A3�

Equation (A3) applies at every position on the image
hat can have spatially varying polarization properties.
lements of M0 can be calculated for each image pixel,
nd this is referred to as the spatially resolved M0.
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