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Abstract:  Retinal, choroidal and scleral imaging by using swept-source
optical coherence tomography (SS-OCT) with a 1-um band probe light,
and high-contrast and three-dimensional (3D) imaging of the choroidal
vasculature are presented. This SS-OCT has ameasurement speed of 28,000
A-lines/s, a depth resolution of 10.4 um in tissue, and a sensitivity of
99.3 dB. Owing to the high penetration of the 1-um probe light and the
high sensitivity of the system, the in vivo sclera of a healthy volunteer can
be observed. A software-based algorithm of scattering optical coherence
angiography (S-OCA) is developed for the high-contrast and 3D imaging
of the choroidal vessels. The S-OCA is used to visualize the 3D choroidal
vasculature of the in vivo human macula and the optic nerve head. Com-
parisons of SS-OCA with several other angiography techniques including
Doppler OCA, Doppler OCT, fluorescein angiography, and indocyanine
green angiography are a so presented.

© 2007 Optical Society of America
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tion; (100.6890) Three-dimensional image processing; (100.2650) Fringe analysis; (110.6880)
Three-dimensional image acquisition; (110.4500) Optical coherence tomography.
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1. Introduction

Fourier-domain optical coherence tomography (FD-OCT) [1,2] isahigh-speed and highly sen-
sitive aternative to time-domain OCT (TD-OCT) [3]. OCT has been employed in several bio-
logical and medical studies and practices, e.g., dermatology [4, 5], cardiology [6], urology [7],
and dentistry [8,9]. Among all these applications, OCT has been employed most successfully
in thefield of ophthalmology [10]. During the last decade, TD-OCT using a probe beam in the
wavel ength band of 830 nm has become a standard assessment tool for retinal diseases (Stratus
OCT, Carl ZeissMeditec Inc., Dublin, CA; OCT/SL O, Ophthalmic Technologiesinc., Canada).
Recently, spectral-domain OCT (SD-OCT), which is one of the variations of FD-OCT having
the same probe band of 830 nm, has been employed in clinical studies and diagnoses [11-16].
Swept-source OCT (SS-OCT), aso referred to as optical frequency-domainimaging (OFDI),
is another variation of FD-OCT. SS-OCT with awavelength band of 830 nm has been demon-
strated [17], and it has been recently applied to in vivo retinal investigations[18, 19].

Because OCT reveals the morphological structures of subjects, it is particularly suitable for
ocular diseases associated with structural changes, e.g., macular hole[14-16], age-related mac-
ular degeneration (AMD) [14, 15], diabetic retinopathy (DR) [15] and glaucoma[20, 21]. It is
also known that some ocular diseases are related to circulation or vasculature abnormalities.
For example, AMD is characterized as choroidal neovasculization (CNV) at its onset, and DR
and glaucoma are suspected to be associated with abnormal circulation. Hence, it isimportant

#78596 - $15.00 USD Received 2 Jan 2007; revised 28 Mar 2007; accepted 5 Apr 2007; published 3 May 2007
(C) 2007 OSA 14 May 2007 / Vol. 15, No. 10/ OPTICS EXPRESS 6124



to visualize the structure and function of retinal and choroidal vasculatures.

For this purpose, angiography using a contrast dye has been widely employed in clinics
[22]. Fluorescein angiography (FA) uses fluorescein as the contrast agent, and blue light is
used to excite the contrast agent that emits yellow-green light. Indocyanine green angiography
(ICGA) uses near-infrared light both for excitation and detection. Because of the differencein
thewavelengths, FA mainly reveal sthe functionsand structures of theretinal vasculature, while
ICGA isused to investigate those of the choroidal vasculature.

These angiographic techniques yield not only the structural information of the vasculature
but also the functional information of the eye related to ocular metabolism. However, both FA
and ICGA are invasive techniques. Moderate but frequent and rare but serious side effects have
been reported [23, 24].

In certain applications, Doppler OCT [12,25-28] can be used as an alternative to FA/ICGA,
and a Doppler optical coherence angiography (D-OCA) scheme provides the means to use
Doppler OCT as an alternative to FA/ICGA [29]. However, collecting faint Doppler signals
from the choroid is still a challenging task, although it is possible [28, 29]. As mentioned ear-
lier, some ocular diseases including AMD and polypoidal choroidal vasculopathy (PCV) are
related to abnormalities in the choroidal vasculature. This indicates that OCT and its related
angiographic techniques with higher penetration capabilities might be useful in the detection of
these diseases.

It is known that OCT using a probing wavelength of 1.3 um provides higher penetration for
a tissue than that with the 830 nm OCT owing to its longer wavelength. OCT employing this
wavelength band iswidely used in ophthalmology for the investigation of the anterior eye[30].
Anterior-eye TD-OCT is now commercially available (Visante OCT, Carl Zeiss Meditec Inc),
anterior-eye SS-OCT has also been demonstrated in laboratories [31-33]. Despite the success
of anterior-eye OCT, it is known that this wavelength is not applicable for retinal OCT. Because
thewater absorption of 1.3-um light is 38 times greater than that of 830-nmlight [34], thislong-
wavelength light cannot travel in the vitreous body and thereforeit is not applicable for retinal
OCT.

The 1-um band is an interesting alternative to the 830-nm and 1.3-um bands for high-
penetration retinal and choroidal OCT. Water absorption hasalocal minimum at 1.06 um [34].
This absorption window allows this long-wavelength light to access the retina. Furthermore,
this wavelength reduces the effect of dispersion because zero dispersion for water exists at
around 1 um [34,35]. Retinal and choroidal investigations using TD-OCT in this wavelength
band have been reported [36].

Because of the advantages with regard to sensitivity [37—40] and measurement speed
[41-43], it is reasonable to utilize this wavelength band in an FD-OCT scheme. As mentioned
earlier, two types of FD-OCT exist, namely, SD-OCT and SS-OCT. The present 830-nm reti-
nal FD-OCT employs an SD-OCT scheme [2,42]. However, it is not realistic to assemble an
SD-OCT with a 1-um probe. This is because SD-OCT requires a high-speed spectrometer
equipped with a high-speed line detector. The options available for the high-speed line detector
for a 1-um band are limited and its detection speed is slow, while fast and inexpensive line
CCD cameras operating in the 830 nm band are available. Hence, the SS-OCT schemeis more
suitable for 1-um FD-OCT. It is known that SS-OCT possesses a higher tolerability to sam-
ple motion [44], and it potentially possesses a higher speed than SD-OCT [45-47]. Recent in
vitro porcine retinal imaging [48] and in vivo retinal and choroidal [49] imaging using 1-um
SS-OCT have proven the importance of this SS-OCT.

In this paper, we demonstrate a new OCA technique based on 1-um SS-OCT to visualize
the choroidal vasculature. The D-OCA technique demonstrated earlier [29] uses the phase of
the OCT signal and requires a high phase stability. In general, the signal-to-noise ratio (SNR)
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in the choroid is lower than that in the retina, and this low SNR disturbs the phase of the
OCT. Furthermore, obtaining a high phase stability with high-speed SS-OCT [50,51] isarela-
tively elaborate process. Hence, in this paper, we demonstrate another OCA technique, which
is termed scattering OCA (S-OCA); this technique is independent of the phase of the OCT.
S-OCA is a software-based segmentation algorithm and employs only the intensity, hence, it
does not require phase stability. SSOCA using 1-um SS-OCT is used to visuaize the in vivo
three-dimensional (3D) network structure of human choroidal vessels. Imaging of the in vivo
human sclera was al so performed owing to the high penetration of 1-um SS-OCT. While OCT
signal beneath the normal choroid has recently been shown by using 1-um SS-OCT [49], our
system provides a deep penetration within the sclera such that the fringe artifacts originating
from the strong birefringence of the sclera become visible.

2. 1-um band swept source optical coher ence tomography

2.1. Systemhardware

The scheme of our SS-OCT (Fig. 1) issimilar to that of the previously described 1.3 um band
SS-OCT which uses Mach-Zehnder interferometer [31] except for its light source. A high-
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speed wavel ength-scanning light source (HSL-1000 ver. 1.0, Santec Corporation, Aichi, Japan)
is employed, which uses a polygon-mirror-based high-speed wavelength tuner operating at 28
kHz and monodirectionally scans the lasing wavelength from a shorter to alonger wavelength
with a maximum output power of 4 mW, as shown in Fig. 2. This scanning frequency directly
determines the measurement speed of our SS-OCT as 28,000 A-scang/s. The center wavelength
is 1060 nm, the scanning rangeis 72 nm, and the scanning speed is 2.95 nm/us.

80% of the light is introduced into the probe arm of the interferometer, which consists of
a semi-bulk circulator (AGILTRON Inc., MA), afiber-attached collimator lens with (f = 15.3
mm, F260FC-C, Thorlabs Inc. NJ), a two-axis galvano scanner (Cambridge Technology Inc.,
MA), an achromatic doublet (f = 50 mm, AC254-050-C, Thorlabs), and a double aspheric dlit-
lamp lens (78D, Volk Optical Inc., OH). The probe power incident on the eyeis 1.1 mW, which
conformsto the ANSI eye-safety criterion [53]. For the purpose of aiming, avery weak visible
diode laser with awavelength of 635 nm is introduced into the probe arm from a residual port
of thefirst coupler that splits the probe and reference beams.

The probe and reference beams are combined by a 50/50 coupler, and an interference signal
is detected by using a balanced photodetector (Model 1817-FC, Newfocus, Bookham Inc., CA).
The output voltage from the photodetector unit is amplified and then transferred into a radio-
frequency (RF) bandpass filter with a pass band from 2.5 MHz to 38 MHz.

A portion of the light is monitored in the light source unit via an optical narrowband fil-
ter, and the output from the monitor is converted into a TTL signal (A-trigger). The A-trigger
is first gated by a gate signal that is synchronously generated with the driving signals of the
two-axis galvano scanner by a function generator board (NI1-6713, National Instruments, TX).
Each gated A-trigger initiates the AD sampling of a single spectral interference signal corre-
sponding to a single A-line. The spectral signal is digitized by a 14-bit AD conversion board
(Compuscope 14200, Gage Applied Technologies Inc., IL) with a sampling frequency of 100
mega-samples/s and 2048 sampling points. This sampling configuration determines the maxi-
mum depth measurement range as 9.4 mm; however, it is further limited by the depth-dependent
signal decay, as described in section 2.4.

The data set for the entire 3D OCT volume is first stored in the onboard memory of the
AD board and is then transferred to the main memory of a computer after the acquisition is
completed. Because of this data transfer scheme, the duty factor of the 3D measurement is
not limited by the data transfer speed, but it is limited by the scanning waveform of the gal-
vano scanner, i.e., sawtooth scanning. This saw tooth scanning has a duty cycle of 95%, which
reduces down the overall measurement speed of the 3D measurement to 26,600 A-scans/s.

The digitized spectrum is first reshaped by a spectral shaping filter (described in section
2.2), rescaled into a wavenumber (k-) domain [42, 54], multiplied by a wavelength-dependent
counter-dispersive phase to cancel the residual dispersion (described in section 2.3), and nu-
merically Fourier transformed by using the fast Fourier transform (FFT) algorithm to yield an
OCT image.

2.2.  Automated spectral reshaping

Because of the imperfections in the antireflection coating of the semiconductor optical ampli-
fier (SOA) used in the light source, some small ripples are evident in the light source spectrum,
as shown in Fig. 2. These ripples as well as the wavelength dependence and severa types of
dispersions in the optical fiber components modulate the fringe contrast of the spectral inter-
ference signal. Because the axial point spread function (PSF) of OCT is a Fourier transform of
the fringe contrast, this modulation may result in side peaks and broadened side lobes in the
PSF. To eliminate these modulations, we applied a dynamic spectral shaping filter similar to the
method presented by Tripathi et al. [55]; however, we used a fast algorithm for the detection of
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Fig. 3. (a) An example of information entropy, i.e., acost function, of an OCT image, with
respect to the change in the coefficients of the second-order phase for dispersion compen-
sation. (b) Depth dependent sensitivity decay of SS-OCT. The horizontal axisistherelative
depth from the zero delay point, and the vertical axis is the system sensitivity.

fringe contrast using a Wiener filter.

To design the Wiener filter, it is essential to determine the envelope of the wavelength-
dependent fringe contrast. Asthefirst step in the design of aspectral shaping filter, we employed
a fringe-analysis-based method to extract the wavel ength-dependent fringe contrast from the
OCT spectral signals.

The spectral interference signal can be rewritten asthe multiplication of the contrast envel ope
and afringe: Sj(k) = S(k) cos¢; (k), where ¢ (k) isthe phase of the j-th fringe. The ensemble
average of Sj(k)2in j isthen expressed as

(Si(K)?); = Se(K)? (cos” 9 (K) ). (1)

If ¢j(K) is, as is reasonably assumed in the OCT measurement, random in j, the ensemble
average of the squared cosine term is reduced to a constant value—1/2. From this equation, we
obtain asimplified equation of the contrast envelope:

2

This equation is then substituted into the following equation of a Wiener filter, yielding a
spectral reshaping filter.

Wik = =k - Gauss(k) €)

Se(k)? +
where n; isaconstant depending on the SNR of the detection system and Gauss(k) isa Gaussian
window used to reshape the spectrum to a Gaussian profile.

After this spectral reshaping, the mean depth resolution within 2 mm is measured to be 14.4
um, which corresponds to 10.4 um in tissue (index = 1.38). The departure from the depth
resolution calculated from the center wavelength and the FWHM value of the light source
is satisfactorily explained by the relatively narrowv FWHM value of the Gaussian window as
compared to the wavel ength scanning range of the light source.

2.3.  Automatic dispersion compensation

The system dispersion, residual dispersion of the eye, and rescaling error are numerically
canceled by using a counter-dispersive phase, i.e., the spectrum is multiplied by the counter-
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dispersive phase before performing FFT [56-58]. In contrast to the previously demonstrated
methods, the information entropy of the resulting linear-scale OCT image

e =—Y P(x,2)logP(x,2) 4

is employed as the cost function for the optimization of the counter-dispersive phase, where
P(x,2) =1(x,2)/ 2x ;1 (X,2) isthe normalized OCT B-scanimage (I (x,z)) and x and z represent
the positions along the fast scanning direction and depth, respectively. This cost function has
a smooth profile, as shown in Fig. 3(a), and it enables the reduction of the number of iterations
for the optimization, and reduces the calculation time. This optimum counter-dispersive phase
is calculated only once for an OCT volume with the first B-scan image and is applied to all the
images in the volume.

Severa optimization methods for dispersion compensation have been proposed. However,
our cost function has a smoother profile than the previously demonstrated cost function, which
uses the number of high-intensity pixelsinthe OCT image[57]. This smooth profile may reduce
the required number of iterations and reduce the overall optimization time.

24. System sensitivity

The system sensitivity at a probe power of 1.2 mW was measured to be 99.3 dB by a-63 dB
partially attenuating mirror, while the shot-noise-limited sensitivity was 112.6 dB. The recou-
pling loss at the probe fiber tip, imperfections in the semi-bulk circulator, residual rescaling
error, unoptimized reference power, and the relative intensity noise (RIN) of the light source
may account for this departure.

As shown in Fig. 3(b), the system sensitivity decreases as the distance of the depth position
from the zero delay point increases with a signal decay slope of -5.2 dB/mm. According to
this slope, the instantaneous line width of the light source is estimated to be 0.43 nm. On the
basis of the maximum sensitivity, the average collection efficiency of the probe scattered by
retina, which is assumed to be -60 to -80 dB, and this decay slope, the sensitivity limited depth
measurement range is approximately estimated to be 7.6 mm to 3.7 mm. Although this depth
range is smaller than the sampling-configuration-limited depth range of 9.4 mm mentioned in
section 2.1, it is still sufficiently wide for retinal and choroidal investigations.

2.5. Three-dimensional despeckle filtering

In general, the number of A-lines per B-frame for 3D measurements is smaller than that re-
quired for 2D measurements, because the total acquisition time should be sufficiently small
to avoid involuntary eye motion. Because of the low density of the A-lines and the additional
specklesin the OCT image, it is sometimes difficult to recognize the faint morphological fea-
tures of the eye. Here, we enhance the readability of the OCT image by using despeckle image
filtering.

It is known that averaging several images captured from nearly identical positions reduces
the specklesin a B-scan image [59]. Further, it was pointed out that averaging several adjacent
framesin the 3D OCT volume reduces the speckles and enhances the clinical readability of the
OCT image[60]. We introduced a maximum-intensity-projection-based (M | P-based) despeckle
filter for a further improvement in the clinical readability of the 2D OCT imagesin a 3D OCT
volume. In this filtering operation, three adjacent frames in an OCT volume are used to yield
a single speckle-reduced OCT frame. These three frames are compared with respect to their
intensities, and the maximum intensities of the three frames at each individual location on the
image are selected to yield aresulting OCT image. Thisoperationisalso considered to be aone-
dimensional morphological dilation filter [61] operating along the visual axis of the observer
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(a) (b)

Fig. 4. (3) In vivo human macula measured by SS-OCT and (b) the same image obtained
using an MIP based despeckle filter.

Fig. 5. (a) Fundus preview image of the optic nerve head created by squared spectral inte-
gration. (b) Standard OCT fundus image created from the same measurement.

viewing the OCT image. This despeckle filtering is then applied to al the frames in the OCT
volumein arolling manner.

Figure 4(a) shows araw OCT image of the in vivo human macula captured using SS-OCT,
which consists of 512 A-lines. Thisimageis extracted from the 3D OCT volume containing 255
frames. Despite the deep penetration, the speckle grains distract the observers, thereby making
it difficult to understand the clinical features. The despeckle filter enhances the readability of
theimage as shownin Fig. 4(b). In thisimage, the mgjor layersintheretinaarevisible, anditis
noteworthy that the external limiting membrane (ELM) is also visible in spite of the relatively
lower depth resolution and the low density of the image (indicated by the arrows).

Thetransversal resolution may get sacrificed in this despecklefiltering technique. Thetypical
frame spacing in our 3D measurement protocol is 20 um, hence, despeckle filtering reduces
the transversal resolution to 80 um, which is twice the separation between the first and third
frames. Because the optical transversal resolution of our SS-OCT is 27 um, there is more
than twofold reduction of the resolution. Although they were rare, some artifacts originating
from this filtering were observed; e.g., the decrease in the contrast of the small focal lesions,
the thickening of the thin retinal layer, and ghost images around the rapidly morphologically
changing lesions. Hence, it is recommended that the operators/clinicians frequently verify the
original image. In spite of the drawbacks, despeckle filtering provides a superior contrast for
the clinical featuresin the OCT images.

2.6. Fundus preview for three-dimensional measurement

In the 3D measurement mode, a preview image of the fundus (fundus preview) is created imme-
diately after acquisition as follows. The central 256 points are extracted from a single spectral
interference signal, and the signal power is obtained by squaring followed by its summation.
This operation provides only the power of the interference signal, because the non-interference
offset of the spectrum gets rejected by a balance detection scheme and an RF high-pass filter.
This operation is applied to all the spectral signals in the OCT volume, yielding the fundus
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Fig. 6. OCT B-scan of in vivo human macula captured using (a) 1-um OCT and (b) 830-nm
SD-OCT.

preview image as shown in Fig. 5(a). This fundus preview is an anal og-operation analog of its
digital counterpart demonstrated by Jiao et al. [62].

The comparison with a corresponding depth-integrated OCT fundusimage[11,62], as shown
in Fig. 5(b), confirms that the fundus preview is comparable to the OCT fundusimage.

3. High-penetration imaging of in vivo human eye
3.1. Invivoimaging of human retina and choroid

Figure 6 shows a comparison of the B-scan images of the in vivo human macula captured using
1-um SS-OCT and 830-nm SD-OCT [29, 63] where the both images are displayed with the
identical image range; from -10 dB to +35 dB from the noise floor. The subject is a healthy
25-year-old Asian male (subject-1). Although all the presented examinations were performed
in a dim laboratory, the subjects eyes were not dilated. In this figure, each individual layer
including the nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer (IPL),
inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), thejunction
between the inner and outer segments of the photoreceptor (1S/0S), RPE complex, and choroid
are visible. In this paper, we adapt one of the conventional notations of the layer-complex
around RPE which includesELM, 1S/OS, RPE, and choriocapillaris. However, it is noteworthy
that several arguments are recently emerging for the correspondence of these layers and their
appearance in OCT images [14, 52, 56-58]. Although this 830-nm SD-OCT has a superior
sensitivity, the better penetration and higher contrast of the choroid obtained from 1-um SS-
OCT are evident from theseimages. A strong OCT signal is visible even beneath the choroidal
vessels in the 1-um image because of the wavelength dependent scattering property of the
choroid.

Figure 7 shows the measurement results for the optic nerve head of a healthy human volun-
teer, a 26-year-old Asian male (subject-2). Figures 7(a) and (b) show the B-scan images along
the fast scanning direction containing 512 A-lines. The positions of these images are indicated
by the red lines in the OCT fundus image (Fig. 7(g)). Figures 7(c)—(f) are the corresponding
OCT images captured using 830-nm polarization-sensitive SD-OCT (PS-SD-OCT) with asys-
tem sensitivity of 101 dB [63]; these are given for the purpose of comparison. Figures 7(c) and
(d) are the Mueller matrix (0, 0)-element images (M oo images) which are polarization insen-
sitive OCT, and Figs. 7(e) and () are the phase-retardation images, where the image hue and
brightness correspond to the retardation and OCT intensity, respectively. Because the M o im-
age is an intensity-summation of all the elements of the corresponding Jones matrix, its noise
statistics differ from those of a conventional OCT intensity image [64]. The standard deviation
of the noise floor of the M gg image is smaller than that of the conventional OCT image, and it
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Fig. 7. In vivo human optic nerve head measured by using SS-OCT and PS-SD-OCT. (a)
and (b) are the horizontal OCT B-mode images captured using 1-um SS-OCT Click on
the figures for a 2.4 MB movie (10.7 MB version is also available). (c) and (d) are the
corresponding OCT images captured using 830-nm PS-SD-OCT, and (€) and (f) are the
corresponding phase retardation images (1.9 MB movie). (g) isan OCT fundus.

appearsas arelatively bright back ground because the lowest rangeis set to lower than the mean
noise level. Despite this appearance of the noise floor, the PS-SD-OCT has superior sensitivity
and all images presented are displayed with an identical image range of 45 dB. The stronger
signal in the deeper region of the 1-um image is visible. The difference in the signal strength
isvisible particularly beneath the RPE, as indicated by the red arrowsin Figs. 7(a) and (b), be-
cause of the wavel ength-dependent absorption property of the RPE (see section 3.3). It can also
be seen that the signal degradation beneath the blood vessels due to fringe washout [44] isless
in the SS-OCT images than the SD-OCT images. The locations of the lamina cribrosa (orange
arrows) and the chorio-scleral junction (red arrows) can be identified in the phase-retardation
images because the lamina cribrosaand sclera possess strong birefringence because of collagen.
The identical positions are indicated by the orange arrows in the corresponding 1-um image.
According to the location, the different contrasts of the lamina cribrosa and the tissue superior
to that can be seen. According to Fig. 7(f), it is found that the sclera in this part is exposed
because of the myopic conus, asindicated by the white arrows.

3.2. Invivoimaging of human sclera

Because of the high penetration of 1-um light, the in vivo imaging of the human sclera is
possible by using SS-OCT. Figure 8(b) shows the OCT B-scans of a 31-year-old Asian male
(subject-3). Fringe artifacts are visible in the areas indicated by the yellow boxes. It is known
that the sclera consists of collagen and possesses a strong birefringence [52]. This strong bire-

#78596 - $15.00 USD Received 2 Jan 2007; revised 28 Mar 2007; accepted 5 Apr 2007; published 3 May 2007
(C) 2007 OSA 14 May 2007/ Vol. 15, No. 10/ OPTICS EXPRESS 6132


http://www.opticsexpress.org/viewmedia.cfm?URI=oe-15-10-6121-1
http://www.opticsexpress.org/viewmedia.cfm?URI=oe-15-10-6121-2
http://www.opticsexpress.org/viewmedia.cfm?URI=oe-15-10-6121-3
http://www.opticsexpress.org/viewmedia.cfm?URI=oe-15-10-6121-4

Fig. 8. Visualization of the sclera of in vivo human macula. (b) OCT B-scan images show
the penetration to the sclera. (a) Positions of the B-scan images are indicated by red lines
in the OCT fundus.

fringence alters the polarization state of the probe beam as the probe propagates into the sclera
and creates the fringe artifacts. Hence, these fringe artifacts clearly indicate that this SS-OCT
penetrates into the sclera. We examined three eyes of three normal subjects and obtained the
fringe artifacts from two out of these three eyes. The OCT signal beneath the choroid has been
observed by using 1-um SS-OCT in ademonstration by Lee et al. [49]. This fringe artifact of
the sclera further confirms that the penetration of 1-um SS-OCT reaches the sclera.

3.3. Discussions

To understand the high penetration of 1-um OCT, we discuss the wavelength dependency of
the scattering and absorption properties of the posterior eye. Although a similar discussion has
been previously given by Unterhuber et al. [36], we consider the effects of scleraand blood in
the choroid in this discussion.

It is known that the scattering coefficients of the neural retina and the RPE are nearly iden-
tical at 830 nm and 1.05 um [65]. On the other hand, the scattering coefficients of the choroid
and scleraat 1.05 um are 7 mm~1 and 15 mm~1 lower than those at 830 nm, respectively [65].
In contrast to scattering, the absorptions of RPE and choroid have very strong and moderate
wavelength dependencies, respectively, whereas those of the neural retina and the sclera are
nearly identical in these two wavelength bands [65]. On the basis of these properties, we con-
clude that the high penetration of 1-um OCT can be attributed to the lower scattering of the
choroid and sclera and the lower absorptions of the RPE and choroid at 1.05 um than those
at 830 nm. It is also noteworthy that according to the identical optical properties of the neural
retina in these two wavelength bands, the low-scattering property at longer wavelengths does
not degrade the OCT image of theretina.

Another characteristic property of the 1-um OCT image is the strong signal from the
choroids located beneath a large choroidal vessel; the wavelength dependency of the optical
properties of blood may account for thisimage property. It is known that the absorption coeffi-
cients of blood with 100% oxygen saturation are nearly identical at 830 nm and 1.05 um [66].
On the other hand, the absorption of blood with 0% oxygen saturation has a sharp local min-
imum at 1.05 um, which is one-fifth that at 830 nm [66]. Despite this strong wavelength de-
pendence of deoxidized blood, it may not influence the wavelength property of the choroid,
because the oxygen content of the choroid is exceptionally high [67]. In contrast to the absorp-
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tion property, the scattering coefficient of blood for 1.05-um light is approximately 30% lower
than that for 830 nm [67]. This wavelength dependence of the scattering of the blood may con-
tribute to the contrast of the choroids located beneath the vessels. Although the immunity of
SS-OCT to fringe washout is also suspected to contribute toward such high contrasts, further
investigations are mandatory for a discussion.

4. Scattering optical coherence angiography
4.1. Introduction

For the clinical examination of eye diseases associated with the abnormalities in the choroidal
vasculature, it might be useful to visualize the choroidal vessels with high contrast. Lee et al.
demonstrated a high-contrast choroidal vessel map by using 1-um SS-OCT and averaging in
a particular depth range [49]. For a further 3D visualization, we present a software-based 3D
segmentation method for choroidal vessels.

Asobservedin Figs. 6-8, the choroidal vessels are visualized as |ow-scattering regionsin the
OCT images. The basic concept of our SSOCA techniqueisto use an intensity-threshol d-based
binarization (ITB) technique to segment these regions. Although the concept is very simple,
there are several difficulties in the application of the ITB technique to OCT images mainly
because of the depth-dependent signal decay due to scattering in the sample. To avoid this
intrinsic problem, we applied a method similar to that demonstrated by Hori et al. [5], however,
it has been specially redesigned for the purpose of OCA.

In order to avoid the problem of signal decay, the algorithm processes en face OCT images
and not the OCT B-scans. Further, the en face images are extracted from a constant distance
from the RPE and not from a constant distance from the zero delay point. The signal decay
is nearly even in this en face image, hence, the ITB technique can be applied. The following
section describes the details of the algorithm.

4.2. Methods
4.2.1. Segmentation of OCT volume

Thefirst step in the SSOCA a gorithm is the segmentation of the OCT volumeinto four regions,
namely, (1) the vitreous body, (2) the retina, (3) the choroid and the sclera, and (4) the deeper
areawithout the OCT signal.

To split the vitreous body and the retina, a method similar to that presented by Mujat et
al. [68] was employed. The details have been described in Ref. [68]; however, we briefly sum-
marize this method. The OCT imageisfirst blurred by a Gaussian kernel, and the magnitude of
the gradient of the blurred imageis used as an indicator of the edge. The gradient image is then
binarized by using a threshold, and the first unity from the top of the image is regarded as the
boundary between the vitreous body and the retina, namely, the internal limiting membrane.
The deformable spline (snake) algorithm employed by Mujat et al. is not used in our algorithm
to reduce the calculation time. The vitreous region could be optionally set to zero for a better
volumetric visualization.

The maximum gradient of the abovementioned blurred image is then regarded as the position
of the complex of RPE and 1S/OS [29]. The shadow of the retinal vessels might lead to an error
in the algorithm because of the low signal intensity and the resulting low SNR in thisregion. To
avoid this error, the shadows of the vessels are detected [68] and the RPE in the corresponding
region is interpolated from the positions of the RPE in the adjacent regions. In the case of the
optic nerve head, the position of the RPE is also virtually interpolated inside the scleral ring to
simplify the subsequent signal processing, althoughit is clear that no RPE existsin this region.

A region deeper than the OCT penetration is detected in the following manner. The OCT
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imageisfirst blurred by a Gaussian kernel, and the noise level of the image is determined from
the vitreous region. A threshold value determined from the noise level is then applied to find
the region deeper than the OCT penetration, and thisregion is set to zero.

4.2.2. Segmentation of choroidal vessels

The segmented choroid including the sclerais then flattened to the RPE. According to thisflat-
tening, the OCT signal decay at a single depth becomes nearly constant and the ITB technique
can be readily applied.

Our segmentation algorithm for choroidal vessels operates on each depth dlice of the OCT
volume at constant depths from the RPE. The mean pixel intensity i, and the standard devi-
ation of the pixel intensity o of asingle depth slice represented in alogarithmic scale arefirst
derived. Based on the fact that the choroidal vessels are visualized as |ow-scattering regionsin
the OCT image, the pixelsthat have a pixel intensity | »(X,y) of

1
In <1z(xy) <Hz =507 )

are selected astheregions of the choroidal vessels, wherel , denotesthe noiselevel of theimage,
subscript Z indicates the depth from the RPE, and x and y represent the positions along the fast
and slow transversal scanning positions, respectively. This ITB operation is then iteratively
applied at al the depths from the RPE, thereby yielding a 3D binary mask to segment the
choroidal vessels.

For the high-contrast visualization of the 3D structure of the choroidal vessels, the intensity-
inverted OCT volume is multiplied by this 3D binary mask; finaly, this operation yields a
high-contrast OCT volume of the choroidal vessels.

4.3. Results

Figure 9(a) shows the 3D reconstruction of the choroidal vessels of the macula of subject-
3 overlapped with the OCT intensity volume, where an inverted-gray color map represents the
OCT intensity and an orange-red color map representsthe segmented choroidal vasculature (2.3
MB and 4.4 MB movies are available). Figure 9(b) shows the en face slices of the 3D recon-
struction at several different depths, where a semitransparent inverted-gray color mapis applied
to the OCT intensity. These figures reveal the correspondence between the vasculature and the
morphological structure of the retina. The moviein Fig. 9(b) shows the depth-dependent struc-
ture of the choroidal vasculature. Figure 9(c) shows a stereoview of the segmented choroidal
vasculature, which might assist in the intuitive and comprehensive understanding of the subject.
The depth-integrated segmented vascul ature (Fig. 9(d)) provides information somehow similar
to that provided by ICGA, although several differencesexist (see section 4.4.1).

Figure 10(a) (3D view) shows a 3D reconstruction of the optic nerve head of subject-3, where
the segmented choroidal vasculature and intensity OCT are displayed with an orange-red and
inverted-gray color maps, respectively. The following sequence of images shows the en face
sections of the 3D volume at several depths, where the sectioning planes are slightly slanted
from the en face plane of the OCT system (2.3 MB and 5.1 MB movies are available). In
this image, vessels 1-5 indicate the choroidal vessels segmented using SSOCA. These vessels
are also visible in the 3D S-OCA image (Fig. 10(b)). Some small vessels (vessel-1) are also
indicated by the orange color (Figure 10(a)), although they are hardly seen in 3D S-OCA.
Signals (i) and (ii) are the artifacts occurring due to the shadow of aretinal vessel and an optic
cup, respectively. The elimination of these artifacts in the optic nerve head is the remaining
problem of SSOCA. The ICGA-style projection of SSOCA is shown in Fig. 10(d).

These visuaizations of the choroidal vasculature might be useful for the detection of
choroidal diseases related to vascularization, e.g., PCV and CNV, and following up of treated
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Fig. 9. (8) 3D volume-rendered OCT images of in vivo human macula in which the OCT
intensity signal is displayed in an inverted-gray color map and the choroidal vessels are
displayed with an orange-red color map. Click on the figure for movies (short version is
2.3 MB and long version is 4.4 MB). (b) En face slices of the volumetric rendering at
several different depths, where a semitransparent color map is applied to the OCT intensity
volume. (c) A stereoview of the choroidal vessels of the macula.
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Fig. 10. (a) 3D reconstruction of the choroidal vessels of ahuman optic nerve head (orange-
red color map) overlaid by the intensity OCT (inverted gray color map). The volume is
sectioned along the depth, where the sectioning plane is slightly slanted from the en face
plane. Click on thefigure for amovie (2.3 MB or 5.1 MB versions). (b) 3D rendering of the
choroidal vasculature and (c) its stereoview. (d) En face average projection of the choroidal
vasculature.
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choroidal vasculatures, e.g., observing the occlusion of choroidal vessels after laser photocoag-
ulation.

4.4, Discussions
4.4.1. S-OCA and other angiography methods

S-OCA D-OCA /| CIP FA ICGA
D-OCT
Invasiveness| none none none moderate | moderate
Contrast scattering | blood flow | scattering | contrast contrast
source dye dye
Visualized | 3D vessel | 3D flow | 2D vessel | 2D struc- | 2D struc-
target structure network structure ture and | ture and
function function

Visualized | choroid retina’ choroid retina choroid
portion

Table 1. Comparison between S-OCA and other angiography methods. D-OCT, Doppler
OCT:; CIP, choroidal intensity projection. T Some Doppler OCT systems and D-OCA are
used to investigate the choroid [28, 29].

S-OCA employsthe low-scattering property of choroidal vessels. On the other hand, another
type of OCA, referred to as D-OCA, uses a Doppler OCT signal as the contrast origin of the
vessels. According to the difference between the contrast mechanisms, we can summarize that
D-OCA isused to visualize the 3D distribution of blood flow in the retinaand the choroid, while
S-OCA isused to visualize the 3D structure of the blood vesselsin the choroids as summarized
in Table 1. D-OCA uses a phase-sensitive Doppler OCT scheme, hence, the phase stability of
the OCT system is mandatory, while it is not required for SSOCA.

Lee et al. demonstrated the intensity projection of choroids [49]. This projection is a sim-
ple, fast, and very robust visualization method for the fine structures of the choroidal vessels,
however, it has poorer depth resolution than SS-OCA because of its depth-integration nature. In
contrast to this projection method, SSFOCA enables 3D volume rendering visualization of the
choroidal vessels (see section 4.4.2).

FA and ICGA are commonly used for performing angiography in clinics. These methods are
safe in most cases, however, some severe adverse reactions have also been reported [23, 24],
while OCA and Doppler OCT are perfectly noninvasive techniques. FA and ICGA yield 2D en
face images of the human fundus. Although FA and ICGA mainly yield retinal and choroidal
angiograms, respectively, their depth resolutions are still poor. The depth resolutions of OCA
and Doppler OCT are a great advantage when compared with these two angiograms.

In contrast to the higher depth resolutions of the optical coherence methods, FA and ICGA
providefunctional information about the retinaand choroids, including leakage and metabolism
in the fundus. Hence FA/ICGA and coherence-domain angiographic methods are complemen-
tary techniques.

4.4.2. SOCA and intensity inverted volume

It might be considered that a simple intensity-inverted volume of the choroid can provide a 3D
visualization of choroidal vesselssimilar to that provided by SS-OCA. To show the advantages of
S-OCA, acomparison of SSOCA and the choroidal part of intensity-inverted OCT is shown in
Fig. 11. It was found that S-OCA was successfully used to extract the choroidal vascul ature and
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Fig. 11. Comparison between (a) SSOCA and (b) the corresponding intensity-inverted vol-
ume.

reject the signals from other regions, while the simple inverted volume contained signals not
only from the choroidal vessels but aso from the choroid and sclera. Hence, the 3D visibility of
the vasculature of a simple inverted volumeis insufficient. This difference evidently influences
the clinical readabilities of these two 3D images.

5. Conclusions

We demonstrated the in vivo imaging of the human posterior eye by using 1-um SS-OCT. This
SS-OCT hasameasurement speed of 28,000 A-lines/s and adepth resolution of 10 umintissue,
and the system sensitivity was measured to be 99.3 dB. A high-speed envel ope detection method
and adaptive Wiener filter were employed to cancel the uneven shape of alight source spectrum
and undesirable spectrum modulation. An automatic dispersion compensation algorithm and
morphological imaging filter were introduced to enhance the contrast and clinical readability
of the OCT images. A fast fundus preview method for 3D assessment was also presented. The
in vivo human retinaand choroid, as well as the sclera, were visualized by using this SS-OCT.

An OCT intensity-based segmentation algorithm, S-OCA, was developed for the 3D visu-
alization of choroidal vessels. This algorithm revealed the 3D structures of the choroidal vas-
culature of the in vivo human macula and optic nerve head and provided and intuitive and
comprehensive understanding of the vasculatures.
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