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Abstract. To compare the optical properties of the human retina, 3-D
volumetric images of the same eye are acquired with two nearly iden-
tical optical coherence tomography �OCT� systems at center wave-
lengths of 845 and 1060 nm using optical frequency domain imaging
�OFDI�. To characterize the contrast of individual tissue layers in the
retina at these two wavelengths, the 3-D volumetric data sets are care-
fully spatially matched. The relative scattering intensities from differ-
ent layers such as the nerve fiber, photoreceptor, pigment epithelium,
and choroid are measured and a quantitative comparison is pre-
sented. OCT retinal imaging at 1060 nm is found to have a signifi-
cantly better depth penetration but a reduced contrast between the
retinal nerve fiber, the ganglion cell, and the inner plexiform layers
compared to the OCT retinal imaging at 845 nm. © 2009 Society of Photo-
Optical Instrumentation Engineers. �DOI: 10.1117/1.3119103�
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Introduction

he human retina is composed of several tissue layers with
arying optical properties, including scattering, absorption,
nd refractive index. While the retina primarily contains ver-
ically aligned cells transparent to visible and near-IR light,
he pigmented epithelial layer strongly scatters and absorbs
ight due to the presence of melanin. The posterior choroidal
issue, consisting primarily of vasculature, shows bloodlike
avelength-dependant absorption. The variation of the optical
roperties of the individual retinal layers produces the funda-
ental optical coherence tomography �OCT� image contrast.
ecently, spectral or Fourier-domain optical coherence to-
ography �SD/FD-OCT� introduced a new principle with sig-

ificantly improved sensitivity and scanning speed.1–4 SD/FD-
CT can be realized either by a spectrometer-based5–8 or a

apid tunable source9–17 design. The later is known as optical
requency domain imaging �OFDI� or swept source OCT �SS-
CT�. The capability of imaging retinal volumes at higher

peeds enables for a reduction in measurement time and mo-
ion artifacts, making this second-generation OCT technology

ore appealing for retinal studies.
The majority of current OCT instruments for retinal imag-

ng applications use wavelengths in the 845-nm
egion.5,7,8,18–21 The advantages of imaging the posterior seg-
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ment at 845 nm include minimal optical power loss from the
double pass through the vitreous humor and the possibility for
ultra-high-resolution imaging using available wideband opti-
cal sources.22–25 More recently, an alternative wavelength cen-
tered at 1050 nm was investigated for retinal imaging.26–34

The increasing interest in imaging at this wavelength is pri-
marily due to the apparent improvement in depth penetration
into the choroid compared to 845 nm. Other advantages in-
clude no visibility of the scanning beam to the subject and
improved image quality in patients with cataracts.29 Compari-
son studies of these two approaches were reported by Pov-
ožay et al.26 and Unterhuber et al.27 using time-domain sys-
tems and by Lee et al.28 using SD-OCT at 845 nm and OFDI
at 1060 nm. Clinical studies for these two wavelengths have
also been reported.33,34

To increase our understanding of the optical properties and
the OCT contrast mechanisms of retinal structures, it is im-
portant to quantitatively investigate the backscattered inten-
sity distribution within the individual retinal segments. Ham-
mer et al.35 systematically studied the optical scattering of
four posterior eye segments: the neural retina, the retinal pig-
ment epithelium �RPE�, the choroid, and the sclera. Scattering
and absorption coefficients ��s ,�a� were determined in vitro
from bovine/porcine samples using a visible to 1064-nm
spectral range. The study was also followed by an A-line
analysis on OCT data.36 In this paper, we directly compare the
optical scattering properties from retinal layers scanned in
vivo at the two wavelengths. Two equivalent OFDI systems at
1060 and 845 nm were used to image the same human sub-
ject, generating two sets of volumetric image data. A compre-
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ensive signal-processing algorithm was developed to facili-
ate a point-based quantitative comparison of the optical
ackscattered signal from the layered retinal structures.

Material and Methods
.1 Imaging Systems and Acquisition
FDI systems at 845 and 1060 nm were constructed for in

ivo retinal imaging at a 30 kHz A-line rate. Both systems
mployed a linear cavity and a polygon-based wavelength-
uning filter. The 1060-nm system has a peak wavelength at
060 nm and a −3-dB bandwidth of 60 nm. The 845-nm
ystem has a peak wavelength at 845 nm and a bandwidth of
0 nm. The experimental axial resolutions in air were about
1 and 12.5 �m for the 845- and 1060-nm systems, respec-
ively. The beam diameter on the pupil was 1.8 mm defined
y 1 /e2 beam width. The sample arm incident power was
.7 mW and 460 �W for the 1060- and 845-nm systems,
espectively. Using a partial reflector with known attenuation
n the sample arm, we measured the sensitivity of the two
ystems. For the 845-nm system, the sensitivity was 93 dB.
or the 1060-nm system, the sensitivity was 102 dB. A
ealthy male subject was imaged sequentially on the same
ay with the two systems, using the same optical human in-
erface. A green light spot was presented as a fixation target.
he pupil was monitored with an IR viewer to detect vignett-

ng during the measurement. To estimate the beam size on the
upil, the focus size in the eye and the confocal parameter, the
umerical aperture �NA� of the fiber encapsulating 86.5% of
he beam energy was experimentally determined to be 0.088.
ased on this fiber NA, the collimator focal length of 25 mm,

he imaging lens focal length of 60 mm, and the Volk lens
ocal length of 25 mm, the beam radius on the eye was
.9 mm. The focal radii were 5.0 and 6.2 �m assuming an
ye length of 24 mm with n=1.33 for 845 and 1060 nm,
espectively. The confocal parameters in the retina �n=1.38��
ere 256 and 314 �m for 845 and 1060 nm, respectively.
he fringe signal was digitized by an acquisition system with
sampling rate of 33 MHz and a 12-bit resolution. A previ-

usly described OFDI signal-processing algorithm for wave-
ength mapping and dispersion compensation was employed
or both acquisitions.12 The acquired images had a pixel vol-
me of 512�228�512 along the X �fast scanning axis�, Y
slow scanning axis�, and Z �depth axis� axes, respectively.
he two systems also had a similar depth sensitivity decay
ue to the finite instantaneous laser line width of 6 dB over
mm in depth. The retinal images were acquired with the

ero delay reference below the RPE to enhance the signal at
arge depths.

.2 Three-Dimensional Image Process

.2.1 Coregistration of the two volumetric data sets
o accurately compare two data sets, the image sets were
patially aligned. For this purpose, an en-face-based registra-
ion method was first employed. The en-face or XY 2-D plane
as generated by integrating along the depth direction. Six-

een salient point pairs matching vascular branching features
ere manually selected on both en-face images. A local 2-D

ross-correlation around each landmark region was calculated
o refine the XY concurrent points. A second-order polynomial
ournal of Biomedical Optics 024016-
transformation was calculated to transform one set of points
to its concurrent matched points, and this transformation was
applied to the entire 3-D data set. A cubic interpolation was
used to calculate the transformed pixel intensity for the regis-
tered image data set. Both image volumes were cropped to
include only the maximum overlapping rectangular volume,
resulting in a volume size of 397�200�225 on the X, Y,
and Z axes respectively.

For depth coregistration, segmentation of the retinal layers
was employed to enable the alignment of A-line pairs at spe-
cific locations in depth. To match an A-line in one data set to
its corresponding A-line in its spatially aligned data set, two
point pairs are required. These point pairs were found by seg-
menting two prominent boundaries: the surface of the retinal
nerve fiber layer �RNFL� and the junction between the photo-
receptor inner and outer segment �IS/OS�. A linear transfor-
mation based on these point pairs coregistered the volumes in
depth.

2.2.2 Quantitative comparison
The incident power of the 1060-nm system was 5.7 dB more
than that of the 845-nm system. The double-pass attenuation
by the vitreous humor for the 1060-nm light was approxi-
mately 3 to 4 dB more than for the 845-nm light. Thus, the
signal at 1060 nm is effectively larger by 1.7 to 2.7 dB. To
ensure a proper comparison, the relative positions of the reti-
nas at each imaging wavelength with respect to the zero delay
reference was within 200 �m. The depth decay profiles of the
two systems were similar. Within the imaging depth range of
100 to 700 �m where the intensity comparison was per-
formed, the signal intensity decay was about
0.25 dB /100 �m. The effect of the sensitivity decay to the
relative scattering comparison is small and normalization with
regard to the sensitivity decay function was not performed. To
compare the intensities reflected from the retinal layers at
both wavelengths, the total power reflected from the retinal
volume delineated by the RNFL and the OS layer was calcu-
lated. The 1060-nm power was 2 dB larger. To facilitate a
relative quantitative comparison of the layers, the 1060-nm
intensities were normalized to the 845-nm intensities by sub-
tracting 2 dB.

A quantitative approach was taken to analyze the relative
scattering properties of all the retinal layers. Three-
dimensional segmented volumes of different retinal layers
were created by manual selection and interpolation over five
sequential OCT frames. The preceding approach was repeated
three times at different locations, resulting in three separate
five-frame layer segmentation volume clusters to estimate the
standard deviation. Since both data sets were spatially
aligned, the volumes can be directly overlaid on each data set
without manipulation. Each volume consists of a variable
number of pixels �200 to 750�, representing the scattering
intensity from that individual retinal layer. The average scat-
tering intensities from each layer at both wavelengths were
calculated, enabling a direct quantitative signal comparison.
Mean and variance were calculated based on the mean of each
cluster. The mean intensity was calculated from the linear
intensity scale and then converted to decibels. The variance
was estimated from the calculated mean intensity in decibel
units.
March/April 2009 � Vol. 14�2�2



3
F
o
t
u
i
w
2
b
t
i
i

F
o

F
v
s
l
p
s
l

Chen et al.: Three-dimensional pointwise comparison of human retinal optical property at 845 and 1060 nm…

J

Results and Discussion
igure 1 shows a single pointwise matched frame with the
verlaid retinal layer segmentation volumes. The average in-
ensity within each retinal layer volume is plotted in decibel
nits, as shown in Fig. 2, demonstrating the relative scattering
ntensities for the two wavelengths. The noise floor at both
avelengths was below 70 dB. The red horizontal line in Fig.
is the average intensity within the retinal volume delineated

y the RNFL and the OS layer, providing relative contrast of
he different retinal layers. The respective average scattering
ntensities and the standard deviations of each layer are listed
n Table 1.

ig. 1 Typical pointwise matched frame �left: 1060 nm, right: 845 nm
verlays show the areas in which the backscattered intensity was cal

ig. 2 Measured mean backscattered intensity from each retinal layer
olume. The horizontal line at 81 dB is the mean intraretinal back-
cattered intensity. RNFL, retinal never fiber layer; GCL, ganglion cell
ayer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer
lexiform layer; ONL, outer nuclear layer; IS/OS, photoreceptor inner
egment/outer segment junction; U-RPE, upper retinal pigment epithe-
ium; L-RPE, lower retinal pigment epithelium; CH, choroid.
ournal of Biomedical Optics 024016-
The most striking differences between the contrast at 845
and 1060 nm are the 2.6-dB smaller reflected intensity in the
RNFL and the 5.6-dB larger reflected intensity in the shallow
choroidal tissue at 1060 nm as compared to 845 nm. Re-
flected intensities in the GCL, IPL, INL, OPL, ONL, and the
boundary between the inner and outer segments of the photo-
receptors are very similar. A major difference develops in the
RPE. To obtain a more detailed attenuation profile in the RPE
region, the layer corresponding to the tip of the RPE and the
deeper portion was segmented in two, an upper RPE �U-RPE�

cutout shows a 3� enlarged view of the retinal layers; color-coded
for each layer.

Table 1 Mean backscattered intensity and variance for each retinal
layer at 845 and 1060 nm in decibel units. �dB�.

Layer

845 nm �dB� 1060 nm �dB�

Mean Std Dev Mean Std Dev

RNFL 90.66 0.37 88.09 0.78

GCL 82.42 0.96 82.04 0.40

IPL 83.22 0.26 82.37 0.78

INL 79.19 0.18 78.20 1.04

OPL 81.87 0.26 81.09 1.19

ONL 76.73 0.47 76.67 1.65

IS/OS 92.15 1.18 92.73 1.96

U-RPE 96.81 0.33 98.56 1.34

L-RPE 95.55 0.38 99.88 1.13

CH 82.87 1.23 88.51 0.84
�. The
culated
March/April 2009 � Vol. 14�2�3
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nd a lower RPE �L-RPE�. At the L-RPE the reflected inten-
ity at 1060 nm is 4.3 dB larger. This suggests that the thin
elanin rich RPE tissue, with strong wavelength-dependent

bsorption, impacts the sensitivity enhancement observed in
he choroidal tissue at 1060-nm light the most. As demon-
trated from the scattering and absorption measurements by
ammer et al.,35 the scattering coefficient �s is relatively con-

tant for the RPE and only slightly decreases within the intr-
retinal layers from 780 to 1064 nm. Retinal tissue aniso-
ropy further reduces the net contribution of �s to the total
ttenuation; however, the absorption of RPE is approximately
our times greater at 780 than at 1064 nm. Based on the in
itro measurement by Hammer et al. and assuming a 10-�m
PE thickness, the calculated round-trip attenuation yields an

ntensity difference of 2.4 dB following the RPE attenuation.
his calculation is less than our in vivo measurement finding
f 4.3 dB. The backscattered intensity �Table 1 and Fig. 2�
uggest that the increased attenuation of 845-nm light likely
egins at a shallower depth �IS/OS junction� before the RPE.
rom Table 1 we conclude also that 4.3 dB of the 5.6-dB

ntensity difference for the two wavelengths at the shallow
horoid can be attributed to the light path from the photore-
eptor layer to and including the RPE.

An important aspect for 3-D volumetric image data of the
uman retina is segmentation of the different retinal layers for
uantitative analysis, e.g., for the automated determination of
NFL thickness maps.37,38 Better contrast between retinal lay-
rs improves the robustness of these segmentation algorithms.
able 2 shows the scattering intensity difference or relative
ontrast between individual retinal layers at 845 and
060 nm. The 1060-nm acquisition wavelength has a signifi-
antly better sensitivity in deeper layers, but from Table 2 we
an conclude that the 845-nm wavelength produces an overall
etter contrast at the inner-retinal layers, particularly between
he RNFL and the GCL layers. At 845 nm, the relative con-
rast between RNFL and GCL is 8.24 dB, 2.2 dB more than
or 1060 nm. Therefore segmentation algorithms for the
NFL and GCL might perform better for 845 nm wavelength
ata. The relative contrast between the GCL and IPL was only
.33 dB, making the two layers difficult to discern in
060-nm wavelength data.

Conclusions
inely matching the reflectivity of retinal layers from equiva-

ent OFDI systems at two separate acquisition wavelengths
nables a quantitative comparison of optical properties such
s scattering and attenuation. The relative reflectivity at 845
nd 1060 nm of nine intraretinal layers and the choroid were
easured and compared. The results indicate a relatively
eaker signal intensity in the RNFL �−2.6 dB� for the

Table 2 The relative contrast or backscattered intensity differen

�
RNFL-
GCL

GCL-
IPL

IPL-
INL

845 nm 8.24 −0.80 4.03 −

1060 nm 6.05 −0.33 4.17 −
ournal of Biomedical Optics 024016-
1060-nm images as compared to the 845-nm images, but a
significantly stronger signal return from the RPE �+4.3 dB�
and choroid �at least +5.6 dB�. OFDI imaging at the alterna-
tive 1060-nm wavelength reduces the contrast between the
RNFL and the GCL/IPL intraretinal layers, but significantly
increases the signal at larger depths.

Better contrast between RNFL and GCL from 845-nm
OFDI images might improve the robustness of segmentation
algorithms to obtain RNFL layer thickness. It might be diffi-
cult to segment between GCL and IPL for 1060-nm OFDI
retinal data. The quantitative reflected intensity comparison at
the photoreceptor and RPE layers suggests the absorption
from these tissue structures results in larger sensitivity degra-
dation of 845-nm light at the choroid.
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