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SYSTEMS FOR EXTENDED DEPTH FREQUENCY DOMAIN OPTICAL
COHERENCE TOMOGRAPHY (FDOCT) AND RELATED METHODS

CLAIM OF PRIORITY
[0001] The present application claims priority from U.S. Provisional Application No.
61/244,718 (Attorney Docket No. 9526-26PR), filed September 22, 2009 and U.S.
Provisional Application No. 61/254,465 (Attorney Docket No. 9526-28PR), filed October 23,
2009, the disclosures of which are hereby incorporated herein by reference as if set forth in

their entirety.

FIELD
[0002] The present inventive concept generally relates to imaging and, more
particularly, to frequency domain optical coherence tomography (FDOCT) and related

systems and methods.

BACKGROUND
[0003] Optical coherence tomography (OCT) is a noninvasive imaging technique that
provides microscopic tomographic sectioning of biological samples. By measuring singly
backscattered light as a function of depth, OCT fills a valuable niche in imaging of tissue
ultrastructure, providing subsurface imaging with high spatial resolution (~2.0-10.0 um) in
three dimensions and high sensitivity (>110 dB) in vivo with no contact needed between the
probe and the tissue.
[0004] In biological and biomedical imaging applications, OCT allows for
micrometer-scale imaging non-invasively in transparent, translucent: and/or highly-scattering
biological tissues. The longitudinal ranging capability of OCT is generally based on low-
coherence interferometry, in which light from a broadband source is split between
illuminating the sample of interest and a reference path. The interference pattern of light
reflected or backscattered from the sample and light from the reference delay contains
information about the location and scattering amplitude of the scatterers in the sample. In
time-domain OCT (TDOCT), this information is typically extracted by scanning the reference
path delay and detecting the resulting interferogram pattern as a function of that delay. The
envelope of the interferogram pattern thus detected represents a map of the reflectivity of the
sample versus depth, generally called an A-scan, with depth resolution given by the

coherence length of the source. In OCT systems, multiple A-scans are typically acquired
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while the sample beam is scanned laterally across the tissue surface, building up a two-
dimensional map of reflectivity versus depth and lateral extent typically called a B-scan. The
lateral resolution of the B-scan is approximated by the confocal resolving power of the

- sample arm optical system, which is usually given by the size of the focused optical spot in
the tissue.

[0005] The time-domain approach used in conventional OCT, including commercial
instruments, such as Carl Zeiss Meditec's Stratus® and Visante® products, has been
successful in supporting biological and medical applications, and numerous in vivo human
clinical trials of OCT reported to date have utilized this approach.

[0006] An alternate approach to data collection in OCT has been shown to have
significant advantages in increased signal-to-noise ratio (SNR). This approach involves
acquiring the interferometric signal generated by mixing sample light with reference light at a
fixed group delay as a function of optical wavenumber. Two distinct methods have been
developed which use this Fourier domain OCT (FD-OCT) approach. The first, generally
termed Spectral-domain or spectrometer-based OCT (SDOCT), uses a broadband light source
and achieves spectral discrimination with a dispersive spectrometer in the detector arm. The
second, generally termed swept-source OCT (SSOCT) or optical frequency-domain imaging
(OFDI), time-encodes wavenumber by rapidly tuning a narrowband source through a broad
optical bandwidth. Both of these techniques may allow for a dramatic improvement in SNR
of up to 15.0-20.0 dB over time-domain OCT, because they typically capture the A-scan data
in parallel. This is in contrast to previous-generation time-domain OCT, where destructive
interference is typically used to isolate the interferometric signal from only one depth at a
time as the reference delay is scanned.

[0007] FDOCT systems are discussed below with respect to Figures 1 through 3.
Referring first to Figure 1, a block diagram illustrating a Fourier domain OCT system in
accordance with some embodiments of the present invention will be discussed. As illustrated
in Figure 1, the system includes a broadband source 100, a reference arm 110 and a sample
arm 140 coupled to each other by a beamsplitter 120. The beamsplitter 120 may be, for
example, a fiber optic coupler or a bulk or micro-optic coupler without departing from the
scope of the present invention. The beamsplitter 120 may provide from about a 50/50 to
about a 90/10 split ratio. As further illustrated in Figure 1, the beamsplitter 120 is also
coupled to a wavelength or frequency sampled detection module 130 over a detection path

106 that may be provided by an optical fiber.
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[0008] As further illustrated in Figure 1, the source 100 is coupled to the beamsplitter
120 by a source path 105. The source 100 may be, for example, a SLED or tunable source.
The reference arm 110 is coupled to the beamsplitter over a reference arm path 107.
Similarly, the sample arm 140 is coupled to the beamsplitter 120 over the sample arm path
108. The source path 105, the reference arm path 107 and the sample arm path 108 may all
be provided by optical fiber.

[0009] As further illustrated in Figure 1, the sample arm 140 may include scanning
delivery optics and focal optics 160. Also illustrated in Figure 1 is the reference plane 150
and a representation of an OCT imaging window 700.

[0010] Referring now to Figure 2, a block diagram of an FDOCT retinal imaging
system will be discussed. As illustrated in Figure 2, in an FDOCT retinal imaging system,
the reference arm 110 may further include a collimator assembly 280, a variable attenuator
281 that can be neutral density or variable aperture, a mirror assembly 282, a reference arm
variable path length adjustment 283 and a path length matching position 250, i.e. optical path
length reference to sample. As further illustrated, the sample arm 240 may include a dual-
axis scanner assembly 290 and a variable focus objective lens 291.

[0011] The sample in Figure 2 is an eye including a cornea 295, iris/pupil 294, ocular
lens 293 and retina 296. A representation of an OCT imaging window 270 is illustrated near
the retina 296. The retinal imaging system relies in the optics of the subject eye, notably
cornea 295 and ocular lens 293, to image the posterior structures of the eye.

[0012] Referring now to Figure 3, a block diagram illustrating a FDOCT cornea
imaging system will be discussed. As illustrated therein, the system of Figure 3 is very
similar to the system of Figure 2. However, the objective lens variable focus need not be
included, and is not included in Figure 3. The anterior imaging system of Figure 3 images
the anterior structures directly, without reliance on the optics of the subject to focus on the
anterior structures.

[0013] In both spectrometer-based and swept-source implementations of FDOCT,
light returning from all depths is generally collected simultaneously, and is manifested as
modulations in the detected spectrum, Transformation of the detected spectrum from
wavelength to wavenumber (or frequency), correction for dispersion mismatches between the
sample and reference arms, and Fast Fourier transformation typically provides the spatial
domain signal or "A-scan" representing depth-resolved reflectivity of the sample. The

uncorrected A-scan may also include a strong DC component at zero pathlength offset, so-
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called "autocorrelation” artifacts resulting from mutual interference between internal sample
reflections, as well as both positive and negative frequency components of the depth-
dependent cosine frequency interference terms. Because of this, FDOCT systems typically
exhibit a "complex conjugate artifact” due to the fact that the Fourier transform of a real
signal, the detected spectral interferogram, is typically Hermitian symmetric, i.e., positive and
negative spatial frequencies are not independent. As a consequence, sample reflections at a
positive displacement, relative to the reference delay, typically cannot be distinguished from
reflections at the same negative displacement, and appear as upside-down, overlapping
images on top of genuine sample structure, which generally cannot be removed by image
processing.

[0014] The maximum single-sided imaging depth available in SDOCT is governed by
the spectral sampling interval. The maximum single-sided imaging depth is inversely
proportional to the spectral sampling interval. With a fixed number of sampled spectral
elements, there is an inverse relationship between the maximum imaging depth and the
minimum axial resolution of the imaging system. In commercial FDOCT systems at 830nm

and 1300nm reported to date, the single-sided imaging depth has been limited to

: approximately 4mm. Time domain imaging has been used for greater imaging depths.

[0015] The finite spectral resolution of any real FDOCT system, whether governed by
the linewidth of a swept laser source in SSOCT, or the geometric optical performance of the
spectrometer convolved with the finite pixel size of the detector array in SDOCT, gives rise
to a sensitivity "falloff" with imaging depth into the sample. It is common to have greater
than 6dB degradation in signal-to-noise from the position of zero reference delay to the
position of maximum single-sided depth. This sensitivity "falloff" limits the portion of the
single-sided depth useful for imaging.

[0016] To reduce the impact of these limitations in FDOCT imaging, imaging is
commonly performed with the entire sample either above or below the reference position,
limiting the available imaging depth to between 2mm and 4 mm, and placing the sample
region of interest close to the zero reference delay position.

[0017] Each of these constraints poses limitations on the application of FDOCT to
clinical ophthalmology. Imaging systems have generally been dedicated to imaging of
specific anatomy, such as retina or cornea, where the mirror image artifacts do not fold over
onto images of the region of interest. Utility to image deeper anatomic structures, such as the

choroid, has been limited by sensitivity "falloff".
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[0018] Addressing these limitations opens significant new application areas for
FDOCT, particularly in ophthalmology. Full range volumetric anterior segment imaging
(cornea to lens) for improved diagnosis of narrow angle glaucoma is enabled at speeds 20
times greater and resolutions four times finer than time domain implementations. Real-time
image guided surgery, for anterior chamber, cataract, or retina, is enabled by allowing
placement of a deep imaging window at any position within the sample, without concern for
confounding mirror image artifacts or signal "falloff." Images of the entire eye may be
acquired, enabling for the first time modeling in three dimensions the entire optical structure

of the eye and enabling whole-eye biometry.

SUMMARY
[0019] Some embodiments discussed herein provide extended depth Fourier domain
optical coherence tomography imaging systems including a detection system configured to
sample spectral elements at substantially equal frequency intervals, wherein a spectral width
associated with the sampled spectral elements is not greater than one-half of the frequency
interval.
[0020] In further embodiments, the spectral width associated with the sampled
spectral elements may be approximately equal to one-half of the frequency interval.
[0021] In still further embodiments, the extended depth Fourier domain optical
coherence tomography imaging system may be an ophthalmic imaging system configured to
image a region of a sample with optimized depth field of view and image resolution. In
certain embodiments, the sample is an eye. Some embodiments include at least one
adjustable imaging window that defines an area of the eye to be imaged. The system may be
configured to image structures of the eye in a wavelength range of from about 800 nm to
about 1200 nm.
[0022] In some embodiments, the system may be configured to have a single-sided
imaging depth of about 7.0 mm and a complex conjugate resolved image depth of about 14
mm.
[0023]  In further embodiments, the system may include a combiner configured to
connect elements of the system; and a broadband optical source coupled to the detection
system through the combiner. The combiner may be a fiber optic coupler and the broadband
optical source may include a superluminescent diode. The splitting ratio of the combiner

may be selected to optimize power to a sample and signal to noise ratio of the detection
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system. The splitting ratio of the combiner may be a ratio of 80/20, wherein 20 percent of
source light is directed to the sample and 80 percent of the source light is directed to a
reference arm.

[0024] In still further embodiments, the system may include an optical reflector
coupled to the detection system and the broadband optical source through the combiner by a

reference arm. The reference arm may be adjustable and the optical reflector may be a phase

modulated optical reflector.

[0025] In some embodiments, the detection system may be a k-linear spectrometer.
In certain embodiments, the k-linear spectrometer may be a chirped grating or a GRISM.
[0026] In further embodiments, the system may include a periodic optical filter
between the broadband optical source and the detection system. The optical filter may be a
Fabry-Perot etalon.

[0027] In still further embodiments, the broadband optical source may include a
swept comb source including a swept source laser and an optical filter. The optical filter may
be a Fabry-Perot etalon. The swept comb source may include an optical output that is
coupled to an acquisition trigger circuitry.

[0028] In some embodiments, the system may include a circulator and the swept
comb source may be coupled to the combiner through the circulator. The combiner may
include a single mode coupler with a coupling ratio between 50:50 and 90:10.

[0029] In further embodiments, the detection system includes a triggered balanced
heterodyne detection system.

[0030] Still further embodiments provide methods for imaging over an extended
depth using the extended depth fourier domain optical coherence tomography imaging
system. In certain embodiments, the methods are for imaging an eye over an extended depth.
[0031] Some embodiments provide extended depth Fourier domain optical coherence
tomography imaging systems including an adjustable detection system configured to sample
spectral elements at substantially equal frequency intervals, wherein the frequency interval is
adjustable.

[0032] Further embodiments provide extended depth Fourier domain optical
coherence tomography imaging systems including a detection system configured to sample
spectral elements at substantially equal frequency intervals, wherein a spectral width of the
sampled spectral element is not greater than one-half of the frequency intervals and wherein a

mirror image artifact is substantially removed.
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[0033] In still further embodiments, the Fourier domain optical coherence
tomography system may be a Spectral-domain optical coherence tomography system and the
mirror image artifact may be substantially removed using continuous phase modulation of the
reference arm.

[0034] In some embodiments, the Fourier domain optical coherence tomography
system may be a swept source optical coherence tomography system and the mirror image
artifact may be substantially removed using a differential frequency shift between the
reference arm and the sample arm. The swept source optical coherence tomography system
may include an acousto-optic modulator in the reference arm an no acousto-optic modulator

in the sample arm

BRIEF DESCRIPTION OF THE FIGURES
[0035] Figure 1 is a block diagram illustrating a Fourier domain optical coherence
tomography (OCT) imaging system.
[0036] Figure 2 is a block diagram illustrating a Fourier domain retinal optical
coherence tomography system in accordance with some embodiments of the inventive
concept.
[0037] Figure 3 is a block diagram illustrating a Fourier domain corneal optical
coherence tomography system in accordance with some embodiments.
[0038] Figures 4A and 4B are graphs illustrating the spatial and spectral domain,
respectively, that illustrate conceptually the effects that various parameters of the light source
and spectral detection system in accordance with some embodiments.
[0039] Figures SA through SE OCT systems and images acquired using these OCT
ophthalmic imaging systems in accordance with some embodiments.
[0040] Figure 6 is a block diagram illustrating an FDOCT interferometer having a
variable round trip phase delay in the reference arm in accordance with some embodiments.
[0041] Figure 7 is a block diagram illustrating a GRISM in accordance with some
embodiments of the present inventive concept.
[0042] Figure 8 is a graph illustrating grating and prism dispersion in accordance with
some embodiments of the present inventive concept.
[0043] Figure 9 is a graph illustrating cumulative wavenumber sampling shift as a
cumulative error in channel position from pixel position, as referenced to the center pixel, due

to dispersion in accordance with some embodiments of the inventive concept.
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[0044] Figure 10 is a gréph illustrating GRISM angle dispersion in accordance with
some embodiments of the present inventive concept.

[0045] Figure 11 is a schematic block diagram illustrating an optical coherence
tomography (OCT) system including a piezoelectric transducer (PZT) element in accordance
with some embodiments of the present invention.

[0046] Figures 12 and 13 are diagrams illustrating a series of imaging windows that
may be applied for a select variety of imaging circumstances in accordance with some
embodiments of the inventive concept.

[0047] Figure 14 is a block diagram of an extended depth fourier domain OCT
imaging system in accordance with some embodiments of the inventive concept.

[0048] Figure 15 is a graph illustrating depth and resolution vs. spectrometer
bandwidth and samples for an extended depth FDOCT system in accordance with some
embodiments discussed herein.

[0049] Figure 16 is a graph illustrating image depth and sampling free spectral range
vs. spectrometer bandwidth for an extended depth FDOCT system in accordance with some
embodiments of the present inventive concept.

[0050] Figure 17 is a table including various details with respect to SDOCT systems
in accordance with various embodiments of the present inventive concept.

[0051] Figures 18A through 18C are block diagrams illustrating various embodiments
of extended-depth FDOCT imaging systems in accordance with some embodiments of the
inventive concept.

[0052] Figure 19 is a block diagram of an FDOCT system including a swept source
and optical filter in accordance with some embodiments. '.

[0053] Figure 20 is a block diagram illustrating an optical filter configuration in
accordance with some embodiments.

[0054] Figures 21 through 24 are graphs illustrating various aspects of output of the
optical filter of Figure 20 in accordance with some embodiments.

[0055] Figure 25 is a block diagram illustrating data flow of an SDOCT system in
accordance with some embodiments.

[0056] Figure 26 is a complex conjugate removal (CCR) contro] timing diagram in

accordance with some embodiments.
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DETAILED DESCRIPTION OF EMBODIMENTS
[0057] Specific exemplary embodiments of the invention now will be described with
reference to the accompanying drawings. This invention may, however, be embodied in
many different forms and should not be construed as limited to the embodiments set forth
herein; rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled in the art. The
terminology used in the detailed description of the particular exemplary embodiments
illustrated in the accompanying drawings is not intended to be limiting of the invention. In
the drawings, like numbers refer to like elements.
[0058] As used herein, the singular forms "a", "an" and "the" are intended to include
the plural forms as well, unless expressly stated otherwise. It will be further understood that
the terms "includes," "comprises," "including" and/or "comprising," when used in this
specification, specify the presence of stated features, integers, steps, operations, elements,
and/or components, but do not preclude the presence or addition of one or more other
features, integers, steps, operations, elements, components, and/or groups thereof. It will be
understood that when an element is referred to as being "connected" or "coupled” to another
element, it can be directly connected or coupled to the other element or intervening elements
may be present. Furthermore, "connected" or "coupled" as used herein may include
wirelessly connected or coupled. As used herein, the term "and/or" includes any and all
combinations of one or more of the associated listed items.
[0059] Unless otherwise defined, all terms (including technical and scientific terms)
used herein have the same meaning as commonly understood by one of ordinary skill in the
art to which this invention belongs. It will be further understood that terms, such as those
defined in commonly used dictionaries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the relevant art and this specification and will
not be interpreted in an idealized or overly formal sense unless expressly so defined herein.
[0060] Embodiments discussed herein with respect to Figures 1 through 26 may be
used in combination with many imaging systems for many applications and is not limited to
the specific systems or applications discussed herein. For example, imaging systems
discussed in commonly assigned U.S. Patent Nos. 7,602,500; 7,742,174; and 7,719,692 and
U.S. Patent Application Publications Nos. 2008/01606696 and 2008/0181477 may be used in
combination with embodiments discussed herein. The disclosures of these patents and

publications are hereby incorporated herein by reference as if set forth in its entirety.



WO 2011/037980 PCT/US2010/049793

[0061] As used herein, the term "spectral element" refers to the individually resolved
samples of the interferometric spectrum as they are detected in an FDOCT system, the
detected set of which forms the input to the Fourier transform operation; a spectral element is
characterized by a finite wavelength range that is generally a continuous small fraction of the
total bandwidth, an optical power, and a power spectral density (lineshape).

[0062] The first successful clinical application of OCT was for high-resolution
imaging of ocular structure. OCT is well suited to ophthalmology because it is non-contact,
easily adaptable to existing ophthalmic instrumentation, and most importantly, the axial
imaging resolution is independent of the working distance. In the anterior eye, the micron-
scale resolution of OCT imaging permits accurate biometry of large scale ocular structures
and the evaluation of morphological changes associated with pathologies of the cornea, iris,
and lens. In the retina, OCT is the only technique capable of resolving retinal substructure in
cross section in the living eye. Imaging of retinal substructure is clinically relevant to the
diagnosis and management of many ocular diseases. In many clinical trials of OCT, striking
images have been obtained of a variety of retinal abnormalities, including macular defects
and retinal nerve fiber atrophy. Retinal OCT has become well accepted as a clinical adjunct
to conventional macular photography, as well as a very popular research tool.

[0063] As is well known in the art, Fourier domain optical coherence tomography
(FDOCT) has become the standard of care in clinical ophthalmology for imaging of the
retina. The theory and practice of FDOCT is well known and documented.

[0064] Several academic research groups have published detailed treatments of the
dramatic 20-30dB signal-to-noise predicted and actual performance improvement in FDOCT
as compared to its time-domain counterparts. Despite this tremenddus improvement, there
are performance limitations in FDOCT which do not have analogs in previous time-domain
systems. In both spectrometer-based (SDOCT) and swept-source (SSOCT) implementations
of FDOCT, the wavenumber (k) resolved receiver current can be represented by equation (1)

set out below:

i(k) :% pS(k)[RR + Ry + 2+ R, R, cos(2kz, + gp)] (1)

[0065] where p is the receiver element responsivity, S(k) is the light source spectrum,
Ry and Ry are the received power from the reference and sample arms, respectively, zg is the
pathlength difference between the reference delay and a target reflection in the sample (22, is

the round-trip pathlength difference), and ¢ is the phase offset of the interferometer at zero

10
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pathlength optical delay. As in time domain OCT, the axial imaging resolution 4z is defined

by the source center wavelength Ao and FWHM bandwidth A} as shown in equation (2) set

out below:
2
Az = 2In(2) 4,"
T AL (2)
[0066] In FDOCT, light returning from all depths is collected simultaneously, and is

manifested as modulations in the detected spectrum. Transformation of the detected
spectrum from wavelength to wavenumber, correction for dispersion mismatches between the
sample and reference arms, and Fast Fourier transformation provides the spatial domain
signal or "A-scan" representing depth-resolved reflectivity of the sample.

[0067] Figures 4A and 4B illustrate conceptually the effects that various parameters
of the light source and spectral detection system have on the transformed OCT signal. In
both SDOCT and SSOCT systems, the detected spectral signal is composed of a DC term and
cosinusoidal terms with depth-dependent frequency. This signal is enveloped by the source
spectrum and convolved with the spectral resolution (k) of the FDOCT system. In SSOCT,
the spectral resolution & is limited by the instantaneous lineshape of the swept laser source,
while in SDOCT, 8k is the spectral resolution of the spectrometer (which in turn may be
described as a convolution of the geometric optic spectrometer resolution with the detector
array pixel dimensions). The detected spectrum is sampled with spectral sampling interval
8k into N spectral channels, each of these channels comprising a unique spectral element.
The Fourier transform of the detected spectral signal, i.e. the set of spectral elements,
includes a strong DC component at zero pathlength offset, as well aé both positive and
negative frequency components of the depth-dependent cosine frequency terms located at
positions +2x,. The shape of each peak is defined by the coherence function of the source,
given by the inverse Fourier transform of its total detected power spectral density; as in time-
domain OCT, the axial imaging resolution is inversely proportional to the total detected spectral
bandwidth of the light source.

[0068] There are at least three important limitations which are novel in FDOCT:
complex conjugate artifact, maximum imaging depth, and sensitivity falloff. The presence in
the spatial-domain A-scan data of both positive and negative frequency components of the
spectral interferometric signal gives rise to the so-called "complex conjugate artifact” which

typically requires careful sample positioning to assure that overlapping negative frequency

11
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components do not interfere with the principal positive-frequency image as illustrated in
Figure 5C. Methods to reduce this "complex conjugate artifact" are now known in the art. In
particular, Figure SA illustrates a 3x3 SDOCT system utilizing two spectrometers; Figure 5B
illustrates a 3x3 SSOCT system implementing DC signal subtraction with balanced
photodiode detectors D1 and D2; Figure 5C and 5D illustrate unprocessed and complex
conjugate resolved images of human anterior segment acquired iz vivo with 3x3 SSOCT,
using a first image processing processing method; and Figure 5E illustrates improved
complex conjugate artifact removal (better than 30dB) obtained using a quadrature projection
algorithm.,

[0069] The complex conjugate artifact in FDOCT may also be removed by utilizing
principles and techniques related to phase-shift interferometry. If the interferometer is
modified to pro{/ide for the introduction of a variable single-pass phase delay ¢ (round-trip
phase delay 2 ¢ ) between the reference and sample arms, then a set of spectral interferograms
may be acquired with different phase delays which can be combined in signal processing to
eliminate the undesired artifacts. For example, Figure 6 illustrates an FDOCT interferometer
with a variable phase modulator placed in the reference arm, such that the reference field
returning from the reference arm is modified.

[0070] Various technical solutions to this complex conjugate artifact problem have
been proposed by several groups, however all of those proposed to date require rather
complicated schemes for acquisition of multiple interferometric spectra, and none have yet
proven satisfactory for high duty cycle imaging. For ophthalmic imaging, the complex
conjugate artifact necessitates maintaining very careful positioning of the patient to avoid
overlapping upside-down images (difficult in some patients), and it precludes imaging tissues
any thicker than the single-sided imaging depth Zy.x defined next.

[0071] Due to spectral sampling considerations, the maximum single-sided imaging
depth Zua available in FDOCT is governed by the spectral sampling interval &gk or &sA.,

according to equation (3) set out below:

/s A
Zma‘( = = (3)
“T2 5k 454
[0072] These expressions are given in terms of both wavenumber k (=27/4) and

wavelength A (with center wavelength A¢). In FDOCT systems at 830nm and 1300nm

reported to date, z,,4, has been limited to approximately 4.0mm.

12
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[0073] The finite spectral resolution of any real FDOCT system, whether governed by
the linewidth of a swept laser source in SSOCT, or the geometric optical performance of the
spectrometer convolved with the finite pixel size of the detector array in SDOCT, gives rise
to a falloff in sensitivity with imaging depth that is independent of light attenuation within the
sample. More generally for both SDOCT and SSOCT systems, if an "effective” detector
sampling resolution &k or 8.4 is defined which accounts for all effects limiting the spectral
resolution of the sampled elements, a simpler expression can be derived for the falloff to the

6 dB SNR point as illustrated by equation (4) set out below:

_2In(2) _In(2) A

- 4
A S A ] @

[0074] In typical FDOCT systems, the falloff phenomenon exacerbates the already-
limited imaging depth Z,,.. In SSOCT systems, the spectral linewidth is a function of laser
dynamics and the detector sampling architecture. In SDOCT systems, the spectral sampling
interval &k and spectral linewidth &,k are generally a function of spectrometer design. Ina
well-designed spectrometer with Nyquist sampling of the optics-limited resolution,

5 k =28k . For the case of &,k =26,k , equations (3) and (4) can be combined to obtain

the useful rule of thumb for SDOCT systems illustrated by equation (5) set out below:

Zots 0,44 ®)

z

max

[0075] Thus, in practical SDOCT systems, as in most commercial ophthalmic
SDOCT systems, the useful portion of the depth imaging range, defined as the 6 dB falloff
point, is limited to approximately half of the range given by the spectral sampling, i.e.
approximately 2.0 mm instead of 4.0 mm. This may be sufficient for imaging the normal
retina, however it may preclude imaging structures above and below normal retina, for
exaﬁlple, vitreous features, choroid, and deeply cupped optic nerve heads. It may also be
insufficient for imaging almost any anterior segment structures besides the cornea without
incurring upside-down artifacts.

[0076] The complex conjugate artifacts and falloff of sensitivity with imaging depth
are fundamentally new limitations in FDOCT, which have not yet been successfully

addressed by technical innovation, These phenomena represent significant limitations to the
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applicability of FDOCT techniques for ophthalmic diagnostics which require imaging of
structures deeper than about 2.0 mm.

[0077] Three improvements may be combined for overcoming the limitations
discussed above and enabling deep imaging FDOCT systems for new applications of FDOCT
where increased depth and removal of mirror-image artifacts are desirable. Deep-imaging
sampling architectures increase zmax. Modifying the sampled spectral bandwidth such that
the bandwidth of the sampled element is less than the sampling interval reduces the
deleterious effects of sensitivity falloff. Addition of phase information to the acquired
spectrum provides information sufficient to remove complex conjugate artifacts. The
combination of the latter two techniques enables system design to quadruple available
imaging depth without impacting the axial resolution of the imaging system. Tailoring the
sampling architecture to adjust the maximum imaging depth zméx requires a trade-off
between axial resolution and maximum imaging depth, as shown in Figure 15, as may be
appropriate for the imaging of target structures. These techniques may be applied to either
SDOCT or SSOCT implementations, and to implementations that combine elements of
SDOCT and SSOCT. Further, in some cases these techniques may be applied dynamically,
controlling Zmax, complex-conjugate management, and falloff in situ to manage trade-offs in
pixel resolution, region of subject focus, optical power on subject, and imaging speed as may
be appropriate for specific objectives during the imaging process.

[0078] For a traditional volume phase holographic (VPH) grating based spectrometer
design, the imaging depth, as measure in tissue of refractive index n, is related to the

bandwidth and pixel count of the spectrometer as illustrated in equation (6) set out below:

Zrax = AZIA0A ’ (6)

[0079] Where & = spectrometer bandwidth (nm)

A= source center wavelength (nm)

- p = pixels (detector channels)

\s = spectrometer wavelength spacing =6 /p

n = index of refraction
[0080] A key spectrometer design decision is to optimize for image resolution, by
maximizing available bandwidth 8, or optimize for imaging depth, by minimize sampling
interval A,

[0081] With As = 8 /p equation (6) becomes:
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Z=pAS4n & (7)
[0082] For fixed p, solving for 8 in becomes:

5 = p A2I4nZ | (8)
[0083] Alternatively, for fixed 8 and solving for A; in nanometers leads to:

Ae = (4n B ZIp) 9)
[0084] The determination of the optimum values for A, and § are based upon the

requirements for the application, for example, wavelength and imaging depth.

[0085] Further definition of the design parameters can be obtained by relating the
image size to the detector pixel size in order to determine the spectrometer focal length
required. Assuming a collimated beam input to the grating the diffraction limited spot size

can be represented by the following expression set out in equation 10:

D =1.22 A\, (fld)/2 (10)

[0086] Where fis the focal length of the spectrometer inﬁaging optics and d is
typically the lens aperture diameter which in this case is equivalent to the spectrometer input

collimated beam diameter. Solving for (f/d),

(fid) = DI1.22 A, (11)

[0087] Therefore, given an exemplary pixel size of 10um and setting the target
diffraction limited image spot radius to the 75% of detector pixel size yields a spot diameter
of 7.5um. From equation (11) it can be determined that the ratio of the focal to input beam

diameter:

(fldy=7.11 (12)

[0088] From expression (12) for a collimated beam of 25 mm in diameter the required
focal length of the spectrometer imaging optics is 178 mm. Conversely, setting the focal
length to 100 mm requires a 14 mm collimated beam input. The determination of which
parameter to solve for is based on other physical design constraints of the spectrometer.
Further definition of the spectrometer optical design to achieve a diffraction limited spot
across a detector array is known and therefore will not be discussed herein.

[0089] Using the grating equation (13):
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A f =sin 6; + sin 94 (13)

[0090] Where A = source center wavelength
f = spatial frequency of the grating
f; = angle of incidence
64 = angle of diffraction
[0091] For standard planar transmission VPH grating designs 6; = 84 Solving for /'

equation (13) is reduced to:

f =2sinB/\; (14)
[0092] With the practical upper limit established by:

f =2\ (15)
[0093] Since the spectral dispersion of the VPH grating is proportional to the grating

spatial frequency, design optimization is directed toward the spatial frequency. The optical
design of the spectrometer is important in selecting the grating dispersion value. With a
spectrometer detector array of predetermined physical length and a fixed center wavelength
and bandwidth, the dispersion is selected to insure full coverage of the spectral bandwidth
across the detector array.

[0094] By definition, the dispersion of the grating is the rate of change of the angle of
diffraction with wavelength for a fixed angle of incidence or A@/ A\ which from a

differentiation of equation (14) yields:
A8/ AN =f] cosb : (16)
[0095] The optical design of the spectrometer and grating dispersion are interrelated.

For a given array length and focal length of the imaging optics the angle of dispersion can be

given as:

& = 2tan™(A/2f) (17)

[0096] where f is the focal length of the imaging optics and 4 is the detector array

length. From equation (17) the grating dispersion relates the dispersion angle by:

& = a5/ cos = 2tan™(A/2f) (18)

[0097] where a is the unit conversion from radians/mm to degrees/nm and f'is

determined by the detector pixel size as stated in equation (12).
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[0098] Using equation (14) the expression can be reduced as follows

(ad I\;) tan@ = tan™ (A/2f) (19)
[0099] Solving for 6:

6 = tan”'[(A/ad) tan™ (A/2f)] (20) -
[00100] From the above equations, the required dispersion angle can be calculated for

a given spectrometer layout. The parameters required as inputs to the equations are the
detector pixel size which defines the required focal length, (4) the linear dimension of the
detector array, (A) the center wavelength of the source and (8), the bandwidth of the source.
From the calculated dispersion value, the grating frequency and grating angle can be
calculated resulting in a complete characterization of the spectrometer design.

[00101] Grating-based spectrometer designs as discussed above disperse the light
linearly as a function of wavelength across the detector array. In Fourier Transform
Spectroscopy and Fourier Domain Optical Coherence Tomography, the signal of interest is
the Fourier transform of the detected spectrum. The Fourier transform analog to spatial
position is spatial frequency, but the detector captures spatial period and thus requires an
additional interpolation step to scale the detected spectrum from spatial period to spatial
frequency. This resampling is a time-consuming process, and the elimination of such would
enable both faster processing and more accurate sampling in spatial frequency or
wavenumber (k) space.

[00102] Additionally, resampling is inadequate to the task of providing a constant
depth scale in the Fourier transformed spatial image. The chirped sampling (relative to the
spatial frequency) yields a chirp in depth per pixel across the image depth. As the imaging
window becomes deeper, this chirp is more deleterious to dispersion compensation and to
.quantitative measurements across the image depth. It is therefore desirable to design an
FDOCT system sampled linearly in frequency (k, wavenumber).

[00103] As indicated, the maximum depth of the SDOCT system is defined by the
spatial sampling of the spectrum at the detector — increased wavelength (or wavenumber)
sample density allows for sampling of higher frequency fringes on the spectrum and thus

returns signals from deeper depths. This relationship is related by:

1

Zmax = Z;?;‘T (21 )
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Where dv; is the wavenumber sampling at the detector.

[00104] Wavelength and wavenumber are related by:

b _ o
v 7 22)
[00105] Equi-sampling in wavenumber will reduce the burden on computational

resampling, and improve the linearity of the depth scaling in the final image. Additionally,
application of wavenumber or k-linearization is well suited to channelized imaging, for
example through the use of a comb filter for SDOCT and SSOCT, or through the use of
controlled duty-cycle sampling in SSOCT, as discussed below.

[00106] Design of k-linearized spectrometers using a prism air-spaced with respect to a
grating has been reviewed elsewhere, for example, in Fourier Domain optical coherence
tomography with a linear-in-wavenumber spectrometer by Hu et al. However, the use of a
prism-air space-grating configuration requires control of extra degrees of freedom, and adds
to the number of glass-air interfaces, potentially reducing manufacturability and increasing
costs. As originally described in Constant-dispersion grism spectrometer for channeled
spectra by Traub, a prism-grating (GRISM) structure in intimate contact may be adequate to
the task of creating, in the language of Traub, a constant dispersion (k-linear) spectrograph.
Traub, however, does not provide a prescription for practical design of a grism spectrometer
that meets the requirements of FDOCT imaging, including the relationship between required
dispersion and degree of linearization required. As shown below, with proper specification
of grating spatial frequency, prism index and chromatic dispersion, prism angle, and input

- angle, a k-linear spectrometer can be designed with sufficient Jinearity to support a
frequency-channelized implementation with improved sensitivity falloff characteristics.
[00107] The exit angle, S, of an isosceles prism is related to the entrance angle, o, the
vertex angle, & and the index of refraction of the prism as a function of wavelength, 1,(4).
Using Snell's law and assuming the medium surrounding the prism is air, the angle of the

light after refracting at the first surface of the prism, 6, is:
= ¢in~? _1_.":' - i
§, = cin (n N7 Zin (D.‘ 2) 23)

[00108] Following the same logic, the angle after refraction at the second surface of

the prism, 6, is:
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o npll) €
g, =sin™? ('_ng_( 5 sin (51 + -2-)) (24)

Where n,(4) is the wavelength dependent index of refraction of the grating.
[00109] The grating equation is:

, . -1 A
sSme+4saf=

(25)

[00110] Where « is the angle of incidence onto the grating, /3 is the exit angle of the
grating, m is the diffraction order, A is the wavelength of the incident light, and d is the

groove spacing. Rearranging for the exit angle yields:

oM A L

f = sin ( " .;]rlC-.’) (26)
[00111] For a fixed input angle, in the small angle approximation, the angular change
as a function of wavelength is:

d_,ﬁ’ _om

da icd (27)
[00112] Wavenumber, v, is:

ol &

YT 2n (28)
[00113] Converting the dispersion equation to wavenumber, v, yields:

ci@ _-m

av o (29)

[00114] The Sellmeier equation relates the index of refraction n(4) to the wavelength

of light using well-characterized, commonly known coefficients, BI-3 and CI-3:

ByA® By A By a?

n(A) =1+ PR + PERS +)f - C, (30)
[00115] Equation 30 in terms of wavenumber is:
_51 B, BB
n@) = l -,.‘ T 2
n{id +']_——-112c:’1+1—‘L"Cg+1_1"62 31
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[00116] This equation can be used to model the index across the wavelengths or
wavenumbers for a given SDOCT wavelength range.

[00117] A k-linear GRISM is a combination of a prism and a grating in which the
wavenumber dispersion of the prism balances the wavenumber dispersion of the grating.
This can be tailored to yield approximately constant wavenumber dispersion across the output
of the GRISM. One implementation of this design uses an isosceles prism with a flush-
mounted VPH grating as illustrated in Figure 7 of the present application. Alternative
designs that reverse the order of grating and prism, or that utilize prisms on both the entrance
face and exit face of the gratings may be employed without deviating from the invention.
Note also that a chirped holographic grating can be tailored to replicate the transmission
function of generally any GRISM. For example, a chirped grating holographically written
will perform as the equivalent GRISM, without the need for mounting a physical GRISM to
the grating in the spectrometer. The concept of chirped gratings are discussed in, for
example, U.S. Patent Nos. 4,834,474 and 7,224,867. Techniques for designing a transfer
function and preparing a holographic transmission filter to provide the targeted transfer
function are discussed in, for example, U.S. Patent No. 7,519,248. These concepts have not
previously been applied to k-linearized spectrometers.

[00118] In particular, as illustrated in Figure 7, P and G are the prism and grating,
respectively. ¢ is the vertex angle of the prism, « is the angle of incidence onto the prism
and p is the deflection angle from the GRISM. As illustrated, d is the width of the detector,
for example, 20.48 mm. The objective lens Ly represents the optics used to focus the
GRISM output across the detector array. Vi, and v,y are the wavenumber range minimum
and maximum values, respectively.

[00119] Figure 8 is a graph illustrating grating and prism dispersion in accordance with
some embodiments of the present inventive concept. The dispersions of grating and prism
are additive, such that the utilization of a prism reduces the dispersive power required of the
grating. Figure 9 is a graph illustrating cumulative pixel shift from center pixel due to
dispersion in accordance with some embodiments of the inventive concept. A non-linearized
spectrometer will not support a fully frequency-channelized set of spectral elements whereas
a k-linear spectrometer can be channelized such that the cumulative offset of the Nth
frequency channel from the Nth detector pixel is less than one pixel, and preferably less than
one-half pixel. Figure 10 is a graph illustrating GRISM angle dispersion in accordance with

some embodiments of the present inventive concept, demonstrating the linearity with respect
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to wavenumber.

[00120] Non-ideal spectral sampling in FDOCT systems imposes a depth-dependent
falloff of Signal-to-Noise Ratio (SNR). This falloff is based on the lineshape of the sampled
element. For example, if the detected sampling function is a square pixel (rect function), then
the transform of the sampling function is a sync function, and the shape of the sync function
defines the falloff window.

[00121] Sensitivity falloff is in effect a characteristic of the finite coherence length of
each sampled spectral element. In principle, sampling a comb of single frequencies, for
example, a comb of delta functions, would completely eliminate sensitivity falloff. This is
not achievable in practice. However, a comb convolved with a function, for example a
Gaussian or Lorentzian, whose width is less than the comb spacing will demonstrably
improve the falloff characteristics; the narrower the convolving function, or stated
alternatively the smaller the duty cycle of the comb, the greater the positive impact on
sensitivity falloff. This effect will be operative for any implementation of FDOCT, whether
SDOCT or SSOCT, and whether applied with a resampled wavelength-sampled spectrum or
a k-linear sampled spectrum, though operation in conjunction with a k-linear sampling, such
that each sampled element records a spectral element of the comb, may be preferred.
[00122] A Fabry-Perot etalon can be used to provide such a comb source. A practical
etalon may be composed of a glass block with 2 partially reflecting surfaces. As will be
described, the two key attributes of the etalon are the free spectral range (FSR) and the
Finesse. The FSR determines the sampling interval, which in some embodiments is designed
to match the desired sampling interval, for example, the pixel spacing of the k-linear
spectrometer or the k-trigger of the SSOCT light source. The FSR is closely related to the
optical path length through the etalon. The Finesse sets the spectral width at each output
frequency, or the duty cycle of the etalon transmission function. The Finesse is closely
related to the reflectivity of the interfaces of the etalon.

[00123] Light incident etalon, normal to the surface or angled, will either pass through
block or reflect from the block (assuming a lossless etalon interior). Transmission through

the block is defined by:
T 2

-7 _ p2 sinhy
(1-# )(cosh-y—cos@) (32)

Te
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[00124] Where T and R are the surface transmission and reflection values, y=h (E),
and &, the phase of the light traveling through the block, is defined by:

4m
A

&= nicosd (33)
[00125] Where 7 is the index of refraction of the glass block, 4 is the wavelength of the

incident light, / is the thickness of the block, and 6 is the angle of incidence onto the block.

[00126] The Free Spectral Range (FSR) of the etalon defines the spacing between

adjacent transmission peaks and is defined by:

~
i

4

R = S Tcas6 1 74 . (34)

[00127] Where A, is the center wavelength of the transmission peak. The Full Width
at Half Maximum (FWHM or A1) of each transmission peak is related to the finesse, o, of

the etalon by:

_FS5R T
A

- 2 arcein (1,}1’.?) (35)

Where F is the coefficient of finesse, which is defined by:

4R

F=1"rs (36)

[00128] The thickness of the block and the reflectivity of the surfaces can be tailored to
provide a comb source for a given wavelength range that provides a sub-interval lineshape
and a FSR equal to the spectral sampling interval.

[00129] The maximum depth of a spectrometer is defined by the frequency spacing at
the detector; finer frequency sampling yields a deeper maximum depth. 56 nm from 812 —
868 nm dispersed across 2048 pixels will provide a spectral sampling of 0.027 nm / pixel and
a maximum depth of 6.55 mm. Assuming an incident angle of nt/8 (22.50) and an index of
refraction of the etalon glass of 1.55, the FSR and FWHM can be tailored to provide sub-
pixel FWHM and transmission peak spacing equal to the spectral sampling interval.
Assuming a GRISM - based, constant wavgnumber dispersion spectrometer is in place, the

spectral sampling will be evenly spaced from 1.15 x 10° m™! t01.23 x 10° m™. Reflectivity R
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of 0.24 yields a finesse of 1.1, and for a thickness of 10 mm, this yields a mean FSR of 0.024
nm and a FWHM of 0.021 nm (Fig. 1). Increasing the finesse shortens the FWHM as
illustrated below in Figure 21 and subsequently the falloff effect as illustrated in Figure 23,
but this also decreases the total power output of the source. ;
[00130] For comprehensive FDOCT imaging of the eye by rapidly switching between
imaging modes designed for imaging different ocular structures along the visual axis, it
would be desirable for the imaging depth (axial field of view) of each mode to be optimized
for the expected length and desired axial sampling density of each structure. For example, for
imaging of the entire anterior segment, the optimal imaging depth is the expected maximum
anterior segment depth of the anticipated patient population, which may be 6 to 8 millimeters.
For imaging of the retina, which is less than about 1.0 mm thick in most locations and
contains many closely spaced layers and structures, it may be preferable for the retinal
imaging mode to have a shorter imaging depth and denser axial sampling.

[00131] In all FDOCT systems, as has been expressed, there is an inverse relationship

between the imaging depth z__ and the spectral sampling interval in wavenumber units 6,k

max

given by:

g (37)

[00132] The total sampled spectral width is given by the spectral sampling interval
Sk multiplied by the number of spectral samples acquired per A-scan, typically several
thousand, and thus the depth sampling density is given by the imaging depth divided by the
number of spectral samples, or some multiple of that number if inte;polation is performed. In
SDOCT systems, the spectral sampling interval &,k is typically fixed by the spacing of the
pixels on the array detector used in the spectrometer and the magnification and spectral
dispersion of the internal optical elements of the spectrometer. In SSOCT systems, however,
the spectral sampling interval &,k is determined by the sweep rate of the light source and/or
the electronic sampling rate of the analog to digital converter which is recording the SSOCT
signal, at least one of which may be rapidly adjustable electronically or by other means. In
the case of SSOCT, therefore, it will be desirable to adjust the spectral sampling interval and
thus the imaging depth and depth sampling density (according to the prescription in equation
3) on the fly according to the structure or part of the eye which is being imaged. This

imaging depth switching may be coupled to sample and reference arm mode switching, such
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that when switching the sample arm optics and reference arm delay from the anterior segment
to the retina, for example, the imaging depth is also switched to allow for optimal imaging
depth and sampling density of retinal structures. Or, the imaging depth and depth sampling
density may be varied within a single operating mode of the sample and reference arm optics,
for example to switch between short imaging depth, high spatial sampling density imaging of
the cornea and long imaging depth, lower spatial sampling density imaging of the entire
anterior segment.

[00133] In unmodified SDOCT systems, &,k is usually limited by the spectral
resolution of the spectrometer including the finite spacing of the CCD pixels and diffraction
in the spectrometer. In unaltered SSOCT systems, &,k is typically limited by the

instantaneous lineshape of the swept laser source, although other factors such as the
bandwidth of the detection electronics may also come into play.

[00134] In comprehensive ocular SSOCT systems as described above wherein the
spectral sampling interval and depth sampling density are adjusted as per equation 3
according to the structure or part of the eye which is being imaged, it is desirable to further
implement a comb filter for decreasing the extent of sensitivity falloff which is also suitably
adjustable to maintain the comb spacing or FSR as the spectral sampling interval is adjusted.
In Fabry-Perot etalons, the FSR is related to the thickness of the etalon, the index of
refraction of the material inside the etalon, and the angle of light incidence upon the etalon.
According to some embodiments, one or more of these parameters should be varied in

synchrony with changing the spectral sampling interval 6 .k in order to keep the comb filter

peaks within their respective spectral sampling intervals. In some embodiments, this may be
done by employing a tunable Fabry-Perot filter, for example, which utilizes a piezo-electric
element to electronically tune its FSR. Electronic control of the FSR of such a filter may be

electronically coupled to the mechanism for changing the spectral sampling interval 6,k , for

example by changing the digitization rate of the analog-to-digital converter.

[00135] Note that in such a case the FSR of the comb filter matches the sampling rate
of the detector. This is the function of k-triggers commonly deployed in SSOCT systems to
trigger the acquisition of spectral elements. Thus it is conceivable to use the comb filter for a
secondary function, to act as the system k-trigger. The converse property does not hold. In
particular, a k-trigger is not implemented in current systems to operate as a comb source |
generator for the SSOCT system. The proposed comb filter may be used as a k-trigger in at

least two different modes. In a first mode, a small fraction of the transmissive (T) output of
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the comb filter is split out of the source path to k-trigger circuitry. In such a configuration,
the k-trigger implementation is directly analogous to implementations currently used in the
art, with the benefit that a separate device is not required. This mode is fully functional, but
comes at some cost to the power available for imaging.

[00136] A second mode is to use the back-reflected (R) light from the filter. The
backreflection from a lossless etalon filter is the spectral complement to the transmission
through the filter, as illustrated in Figure 24. This backreflection may be used as the k-
trigger for an SSOCT system. Embodiments illustrating the second mode including a swept
source followed an optical isolator, an etalon filter, and an optical circulator, will be
discussed further below with respect to Figure 19. The backreflected output from the etalon
is directed to k-trigger circuitry and applied to trigger spectral sampling of a balanced
heterodyne detector. The balanced detector sees interference signature both from the detector
port of the coupler, and the shunt port of the optical circulator.

[00137] To resolve the complex conjugate artifact, several academic groups have
pointed out that a second spectral interferogram may be obtained with the phase offset ¢ in
shifted in phase by 7/2. Combining the real and imaginary parts yields the complex
interferometric signal Dj[k,,]1= DPlkn]+ JDf°[ky], the Fourier transform of which reveals an A-
scan with the position of the sample arm reflector unambiguously determined. A method to
obtain the complex signal using only two phase stepped scans has been demonstrated, but
completely artifact-free tissue imaging has only been demonstrated using a 5 step algorithm
in which the additional phase steps were necessary to compensate for phase errors.

[00138] For an SDOCT system embodiments for complex conjugate removal (CCR)
may be via sinusioidal phase modulation as discussed in, for exampie, commonly assigned
U.S. Patent No. 7,742,174, the disclosure of which has been incorporated herein above. In
particular, the system discussed in accordance with some embodiments of U.S. Patent No.
7,742,174 is illustrated in Figure 11. Referring to Figure 11, the optical coherence
tomography (OCT) system 1100 includes a piezoelectric transducer (PZT) element. As
illustrated in Figure 11, the system 1100 further includes a light source 1110, a detector 1120,
a fiber coupler 1130, a reference delay 1140, a piezo-mirror combination 1190, a beam
steering unit 1160, a sample arm 1150 and a sample 1170. The light source 1110 may
include a broadband light source and the detector 1120 includes a spectrometer illuminating a

multichannel detector, such as a linear charge-coupled device (CCD) array. A piezo-mirror
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combination 1190 is located in the reference arm 1140 of the interferometer, which may
include a mirror 1191 and a piezoelectric element 1192 as illustrated therein.

[00139] As discussed in U.S Patent No. 7,742,174, phase modulation involves
placement of a path length modulation in either the sample or reference arm of an SDOCT
system which varies the differential path length between the arms with amplitude and phase
given in the text preceding equation (14) in U.S. Patent No. 7,742,174, at a rate
corresponding to m/4 radians of phase modulation per A-scan integration time of the
spectrometer. Then, each set of four sequential A-scan acquisitions are combined according
to equation (14) of US Patent No. 7,742,174 in order to generate an A-scan with total depth
equal to 2%Zay as defined above. If the amplitude, phase and frequency of the modulation
are set as specified in U.S. Patent No. 7,742,174, then the resulting A-scan should
theoretically be completely free of DC, autocorrelation, and complex conjugate artifacts.
[00140] However, slight deviations from perfection in achieving these parameters such
as will be experienced in any real physical implementation of sinusoidal phase modulation
may lead to a degradation of performance compared to the ideal result in the form of
incomplete complex conjugate artifact suppression. Thus, an additional step of applying
quadrature projection processing as discussed with respect to Figure 2 of U.S. Patent
Application Publication No. 2008/0170219 may be applied to improve the complex conjugate
artifact rejection, at the cost of a small amount of reduced signal to noise ratio. Quadrature
projection processing is an algorithmic step which does not require any hardware
modification and which reduces the complex conjugate artifact from imperfectly phase
modulated SDOCT data by forcing the real and imaginary parts of the recorded A-scan signal
to be orthogonal.

[00141] For an SSOCT system, some embodiments remove complex conjugate
removal (CCR) using the heterodyne CCR method as discussed in commonly assigned U.S.
Patent No. 7,336,366, which involves introducing a frequency shift between the sample and
reference arm light and thus shifting the carrier frequency of the image-bearing signal away
from DC, about which the complex conjugate artifact is centered. With the addition of this
frequency shift, the A-scan fiee of complex conjugate artifact is found from the Fourier
transform of the detected signal, centered at the frequency shift value. If an A/D converter is
used which has much higher bandwidth than the SSOCT signal itself, then the frequency shift
value can be set to be many times the frequency encoding the Zyay value of the A-scan, thus

the complex conjugate artifact will be located far in frequency space away from the A-scan
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data. If a very high sweep speed is used, however, such that the SSOCT signal already
occupies a substantial fraction of the A/D converter bandwidth, then the complex conjugate
artifact may only be shifted to the bordes of the depth-doubled A-scan. This method of
heterodyne CCR is consistent and will not interfere with the embodiments described above
for filtering to improve sensitivity falloff and sampling to adjust maximum single-sided
imaging depth.

[00142] Some embodiments of the present inventive concept are directed to
comprehensive volumetric imaging of all ocular structures along the visual axis using
Fourier-domain optical coherence tomography (FDOCT). Current-generation FDOCT
systems, including spectral-domain (SDOCT) and swept-source (SSOCT) implementations,
are in routine clinical use for diagnosis of retinal pathologies. FDOCT systems have also
been applied for imaging of the anterior segment of the eye. Existing optical designs for
scanning the anterior segment and retina are illustrated in Figures 1 through 3 of the present
application. FDOCT is useful for examination of the anterior segment of the eye, for
diagnosis of corneal, iris, and lens pathologies as well as for quantitative biometry of the
anterior segment including measurements of corneal refractive power, corneal thickness,
anterior chamber depth, lens optical power, and lens thickness. These parameters resulting
from anterior segment biometry, with the addition of eye length measurement, are needed for
calculation of intraocular lens implant power for cataract surgery. Current methods for
evaluation of these parameters are limited to measurement along a single axis, and thus
provide only central values for these parameters which may not accurately account for off-
axis variations and aberrations. With the ability to rapidly acquire densely sampled 2D
images and 3D volumes of information, FDOCT offers the potential to perform substantially
improved characterization of the refractive properties of the entire eye, if calibrated and
correlated volumetric images of the anterior segment, lens, and retina could be acquired
either simultaneously or in rapid succession in the same patient.

[00143] Current-generation FDOCT instruments, however, are not capable of imaging
with sufficient depth field of view to record data from all of these structures with the same
instrument without time-consuming interchange of optics and of the reference arm length.
Thus, there is a need for FDOCT system designs capable of either simultaneous imaging of
the anterior segment, lens, and retina or of rapidly switching between such modes during a
rapid acquisition sequence which preserves their relative displacements in order to perform

comprehensive volumetric imaging of all ocular structures along the visual axis. Such
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switching should preferably be rapid, on the time scale of a few A-scans acquisition time, i.e.
a few milliseconds, and should allow for the maximum possible re-use of optics and
mechanics in both modes to reduce total system cost and complexity.

[00144] Applying the techniques described in this invention, a dynamically adjustable
extended depth imaging system may be applied to ophthalmic imaging for targeted imaging
of any region of the eye with optimized depth field of view and image resolution. Figures 12
and 13 illustrate a series of imaging windows 1255 and 1355 that may be applied for a select
variety of imaging circumstances, for example, vitreoretinal surgery, cataract surgery, cornea
and anterior chamber surgery and the like. As illustrated in Figures 12 and 13, the series of
windows may have a variety of sizes, shapes and locations in accordance with embodiments
discussed herein.

[00145] Referring now to Figure 14, a block diagram illustrating an extended depth
FDOCT system in accordance with some embodiments of the present invention will be
discussed. As illustrated in Figure 14, the system includes a source 1400, a reference arm
1410 and a sample arm 1440 coupled to each other by a beamsplitter 1420. As further
illustrated in Figure 14, the beamsplitter 1420 is also coupled to a frequency sampled
detection module 1431 over a detection path 1406 that may be provided by an optical fiber.
[00146] As further illustrated in Figure 14, the source 1400 is coupled to the
beamsplitter 1420 by a source path 1405. The source 1400 may be, for example, a broadband
comb source. The reference arm 1410 is coupled to the beamsplitter 1420 over a reference
arm path 1407. Similarly, the sample arm 1440 is coupled to the beamsplitter 1420 over the
sample arm path 1408. The source path 1405, the reference arm path 1407 and the sample
arm path 1408 may all be provided by optical fiber.

[00147] In some embodiments, the reference arm 1410 may be a phase modulated
reference arm or a frequency-shifted reference arm as illustrated in Figure 14, although
embodiments of the present invention are not limited to this configuration. Furthermore, the
sample arm 1440 may include scanning delivery optics and variable optics 1460. Also
illustrated in Figure 14 is the reference plane 1450 and a representation of a depth doubled
imaging window 1470 in accordance with some embodiments of the present inventive
concept.

[00148] Figure 15 is a graph illustrating depth and resolution vs. spectrometer
bandwidth and samples for an extended depth FDOCT system in accordance with some

embodiments discussed herein. Figure 16 is a graph illustrating image depth and sampling
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free spectral range vs. spectrometer bandwidth for an extended depth FDOCT system in
accordance with some embodiments of the present inventive concept. Figure 15 illustrates
the relationship between resolution and total imaging bandwidth, given single sided imaging
at 2048 samples and 4096 samples, and complex conjugate resolved imaging at 4096
samples. As the bandwidth is constrained to increase image depth, resolution suffers. Figure
16 illustrates the same bandwidth and sampling dependence of image depth, as well as the
effective free spectral range associated with k-linearized sampling.

[00149] Embodiments of the present invention directed to spectral domain OCT
(SDOCT) will now be discussed. It will be understood that both SDOCT and SSOCT
implementations will be discussed in detail herein. The selection of SDOCT or SSOCT is a
function of desired imaging wavelength, availability of sources, and tradeoffs between key
attributes, such as imaging speed and resolution. Implementations have been shown in the art
that combine elements of SDOCT and SSOCT, and such implementations may benefit from
application of the present inventive concept.

[00150] Referring again to Figure 14, an SDOCT system in accordance with
embodiments discussed herein includes a broadband optical source 1400, a source path 1405,
a beam splitter/combiner 1420, a reference path 1407, a reference reflector 1410, a sample
path 1408 with a scanning system and focal optics 1440/1460 configured to appropriately to
image structures of the sample, such as the cornea, anterior chamber, iris, lens, posterior
chamber, and retina of the eye, a detector path1407, and a spectrographic detection system
1431.

[00151] In some embodiments, the SDOCT system is designed to image structures of
the eye in the 800 nm to 900 nm wavelength range. The system may be designed to have a
single-sided imaging depth (as measured in air) of about 7.0 mm, suitable for imaging the
crystalline lens of the eye, and a complex-conjugate resolved imaging depth of about 14.0
mm, suitable for full range imaging of anterior of the eye, from corneal apex through the
crystalline lens. Through translation of the reference arm 1407 and change in scanning and
focal attributes of sample arm optics, the system is capable of imaging the entire optical
structure of the eye in three steps.

[00152] In some embodiments, the broadband optical source 1400 is a
superluminescent diode with a bandwidth of between about 40 nm and about 80 nm. The
bandwidth of the source may be selected for axial resolution, but the useful bandwidth may

be constrained by the total bandwidth of the detector. In some embodiments, the spectral
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characteristics of the source are such that the spectral power density at the edges of the
spectrometer are attenuated at least about 6 dB from the peak power density, and may be
about 10 dB. If the optical power at the edges of the spectrometer is too high, the image may
exhibit ringing around bright features; numerical windowing of the acquired spectrum will
reduce this artifact. The parameters of the numerical windowing may be selected to reduce
the ringing by smoothly attenuating the signal to meet the stated conditions. For example, a
cosine-squared window may be applied to the data immediately prior to the Fourier
transform, or a raised Gaussian function may be applied (ex'4).

[00153] Although embodiments are discussed herein as having a superluminescent
diode for the broadband optical source 1440, embodiments of the present invention are not
limited to this configuration. However, the superluminescent diode may be the most cost
effective in this application, where ultra-wide bandwidth may not be required.

[00154] In some embodiments, the paths may be combined using single-mode optical
fiber, such as Corning HI780. A fiber optic coupler may be used as the beam
splitter/combiner 1420. The splitting ratio of the coupler can be chosen to optimize power to
the sample and signal-to-noise ratio of the detection system. In some embodiments, the
splitter 1420 may have a 80/20 split ratio, with 20% of the source light directed to the sample
and 80% directed to the reference arm.

[00155] The reference path directs light from the coupler to an optical reflector. The
path length of the reference arm may be designed to match the path length to the region of
interest for the sample under test. ~ In some embodiments, the reference arm 1407 hasa
translation capability to adjust to varying regions for a sample under test, which may be
particularly important for imaging at multiple depths within one santiple, such as an eye. The
reference arm 1407 may be continuously translated, translated in steps through switches to
predetermined path lengths, or a combination of the two without departing from the scope of
the present inventive concept. Generally, the reference arm may be finely adjustable to a
precision of at least about 100 pm to accurately position the sample within the FDOCT
imaging window 1470.

[00156] The sample arm 1408 includes scanning optics, preferably scanners configured
to scan a beam to any position within a field of view; scanning may be continuous, as with
galvonometric scanners, or discontinuous, using, for example projecting a beam onto a
spinning diffractive structure without departing from the scope of embodiments discussed

herein. The optics used to deliver the scanned beam to the subject are discussed in, for

30



WO 2011/037980 PCT/US2010/049793

example, U.S. Patent Publication No. 2008/0106696 incorporated by reference above, for
imaging of the anterior structures of the eye, nominally telecentric scanning focused onto
anterior structures, or scanning design to pivot in the pupil of the eye for scanning an imaging
of posterior structures.

[00157] The spectrographic system images the output of the dispersed interference
signal onto a CCD (Atmel, DALSA) or CMOS (Basler) array, as is well known in the art.
For extended depth imaging with 7 mm single-sided imaging depth, a source with central
wavelength of 840n and a FWHM bandwidth of 65 nm imaged onto a 4096 element array
with 14 micrometer pixel width may be used. As outlined in the Table of Figure 17, the
edged-to-edge bandwidth of the array is 103 nm, and the source decays to 6dB of peak power
at the edge of the array. The frequency spacing of central pixels is 10.7 GHz. In a traditional
spectrometer that utilizes a volume phase holograph transmission grating, there may be
significant frequency chirp from the blue edge to the red edge, leading to the need for
resampling discussed earlier.

[00158] In some embodiments of the present inventive concept, the spectrometer will
be of a constant-dispersion, or k-linearized type as illustrated in Figures 18A through 18C, k-
linear spectrometer 1832. It will be understood that this may be performed by replacing the
VPH grating with a GRISM — a grating-prism pair discussed above with respect to Figures 7-
10 — or a chirped grating replicating a GRISM as discussed above.. In some embodiments,
the prism is a high index glass (Schott P-SF68, n=2.0), with a vertex angle of n/8 radians
(Figure 7). The prism is in optical contact with the grating. The grating is a low-spatial
frequency grating (400 lines/mm), sandwiched between faces of Schott B-270 (n=1.52). The
prism angle of incidence o is 22.5 degrees. A high index prism is typically necessary in order
that the total internal reflection condition of the grating is reduéed or possibly avoided. An
air-spaced prism-grating combination may be used to provide additional design functionality,
but is not necessary in all cases. The collimated beam input to the prism may be 25 mm in
diameter. The dispersed output from the grating couples to a 220 mm focal system, yielding
a <10 micrometer spot size on the pixels across the array. The Nth frequency channel maps
to the Nth pixel to within 50% of the pixel width across the array.

[00159] In some embodiments, the spectrum may be channelized to the spectrometer
using the periodic optical filter 1803 illustrated in Figure 18A. In some embodiments, the
filter 1803 may be a fabry-Perot etalon (discussed above) illustrated in Figure 20, which will

be discussed further below. In some embodiments, the filter 1803 may be an AR coated glass

31



WO 2011/037980 PCT/US2010/049793

block of index 1.55 with FSR of 10.7 GHz and Finesse of two. Operating at angle of 7/8
degrees to normal to avoid backreflections into the diode, the thickness of the block is 9.79
mm. To achieve a finesse of 2, the reflectivity of the AR coatings must be 41%. For a
finesse of 8, reflectivity is 92.7%, further improving sensitivity falloff, but at the cost of
required source power. As the linearity of the spectromter will be calibrated, precision of the
central frequency of the etalon as a reference point is not a primary concern. Athermalization
may be required not so much to control shifts in the channelized spectrum, but to control
changes to FSR. Athermalization techniques are known in the art; the degree of
athermalization required is to keep the FSR constant to within 25%. An alternative to an
athermalized glass block is to use a piezo controlled cavity; the cavity spacing would increase
to 15.2mm for an air index n=1.

[00160] The combination of the k-linear spectrometer and the filtered source
bandwidth yields a (single-sided) deep imaging SDOCT system with superior sensitivity
falloff characteristics. The addition of phase modulation to the reference arm as discussed in
U.S. Patent No. 7,742,174 or U.S. Patent Publication No. 2008/0002183. In some
embodiments, a piezo-driven retrorefelector 1811 as illustrated in Figure 18C modulates the
phase of the reference arm from its nominal position. In principle, the phase of the reference
arm can be modulated in steps of I1/4 for acquisition multiple phase-stepped acquisitions at a
specific A-scan location.

[00161] In practice, to continuously modulate the scan; the phase information can be
determined by integrating over the /4 steps using an integrating buckets approach. Note that
it may not be necessary for the phase steps to be n/4; 7/3, for example, works as well. The
‘optimal number of steps is a function of the level of isolation betweén the real and the mirror
image, and the phase stability of the subject. To the latter point, rapid image acquisition may
be preferred. In some embodiments, a CMOS or CCD camera with acquisition speeds of at
least 70 kHz are desired. In a four phase-step acquisition, a single A-scan is acquired at 17
kHz, which is suitably fast for real-time display of full range cross sectional images. As
cameras are now available at 140 kHz, a target full range line rate of 34 kHz (1000 line frame
rate of 34 Hz) is practical.

[00162] Note as well that it may not be necessary that that the scanning mirrors remain
fixed at a specific A-scan location. Phase modulation and acquisition of sequential A-scans
is acceptable so long as the A-scans are optically oversampled at a similar ratio as implied in

the per-A-scan acquisition scenario. Thus sinusoidally scanning over = radians at each A-
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scan and acquiring four samples is functionally equivalent to linearly modulating at a rate of
7 radians over four sequential 4x oversampled A-scans.

[00163] If the amplitude, phase and frequency of the modulation are set as specified in
U.S. Patent No. 7,742,174, then the resulting A-scan should theoretically be completely free
of DC, autocorrelation, and complex conjugate artifacts. However, slight deviations from
perfection in achieving these parameters may be experienced in any real physical
implementation of sinusoidal phase modulation and may lead to a degradation of
performance compared to the ideal result in the form of incomplete complex conjugate
artifact suppression. Thus, an additional step of applying quadrature projection processing
according to Figure 2 of U.S. Patent Application Publication No. 2008/0170219 may be
applied to improve the complex conjugate artifact rejection, at the cost of a small amount of
reduced signal to noise ratio. Quadrature projection processing is an algorithmic step which
does not require any hardware modification and which reduces the complex conjugate artifact
from imperfectly phase modulated SDOCT data by forcing the real and imaginary parts of the
recorded A-scan signal to be orthogonal.

[00164] Figure 25 is a block diagram illustrating data flow in some embodiments of
SDOCT imaging systems in accordance with embodiments discussed herein. As illustrated,
the prime bottleneck to stream-to-disk acquisition is not the PCI Bus or motherboard memory
bus but the hard drive bus, which is typically limited to 300 MB/s per bus for a SATA drive.
Figure 26 illustrates a CCR control timing diagram. As illustrated therein, every fourth line
clock is phase locked to the mirror drive and as such the piezo sync output is locked to the
line output.

[00165] Referring now to Figure 19, an SSOCT system designed for comprehensive
ocular imaging according to some embodiments of the present invention will be discussed.

In some embodiments, complex conjugate removal (CCR) is the so-called "heterodyne" CCR
method, which involves introducing a frequency shift between the sample and reference arm
light and thus shifting the carrier frequency of the image-bearing signal away from DC, about
which the complex conjugate artifact is centered as discussed in U.S. Patent No. 7,336,366.
With the addition of this frequency shift, the A-scan free of complex conjugate artifact is
found from the Fourier transform of the detected signal, centered at the frequency shift value.
If an A/D converter is used which has much higher bandwidth than the SSOCT signal itself,
then the frequency shift value can be set to be many times the frequency encoding the Zmax

value of the A-scan, thus the complex conjugate artifact will be located far in frequency space
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away from the A-scan data. If a very high sweep speed is employed, however, such that the
SSOCT signal already occupies a substantial fraction of the A/D converter bandwidth, then
the complex conjugate artifact may only be shifted to the borders of the depth-doubled A-
scan. This method of heterodyne CCR is consistent and will not interfere with the
embodiments described above for switching between sample and reference arm imaging
modes, switching SSOCT imaging depth, and switching of the comb filter FSR spacing to
remain consistent with the spectral sampling interval.
[00166] As illustrated in Figure 19, the SSOCT system includes a swept comb source
1995, a circulator 1999, a beamsplitter 1920, a triggered balanced heterodyne detector 1933,
a frequency-shifted reference arm 1912 and scanning delivery optics 1940 in the sample arm.
As further illustrated in Figure 19, a fabry-Perot etalon (discussed above) 1997 and a swept
source 1996 can be used to provide a swept comb source. A practical etalon may be
composed of a glass block with 2 partially reflecting surfaces. As discussed above, the two
key attributes of the etalon are the free spectral range (FSR) and the Finesse. The FSR
determines the sampling interval, which in some embodiments is designed to match the
desired sampling interval, for example, the pixel spacing of the k-linear spectrometer or the
k-trigger 1998 of the light source. The FSR is closely related to the optical path length
through the etalon, which may be angle tuned according to equation 34. The Finesse sets the
spectral width at each output frequency, or the duty cycle of the etalon transmission function.
The Finesse is closely related to the reflectivity of the interfaces of the etalon. As further
illustrated in Figure 19, it is further advisable to use an optical isolator or circulator 1999
after the filter and before coupler 1920, as signal returned from sample and reference arm will
experience a complementary interaction with etalon, and multi-path-interference may degrade
image quality.
[00167] Figure 20 is a detailed block diagram of the periodic filter 1997 of Figure 19.
Also illustrated in Figure 20 are graphs of reflected (R) and transmitted (T) power that is
output from the filter. Figure 21 further illustrates a graph depicting the output of the
periodic filter of Figure 20. Figure 22 is a graph illustrating an effective duty cycle of the
periodic optical filter of Figure 20. Figure 23 is a graph illustrating SNR falloff as a function
| of pixel fill factor (duty cycle). As illustrated therein, as the fill factor decreases from 100%
down to 50% (Finesse = 2), for the 7 mm single-side imaging system discussed herein, the
3dB falloff depth increases from about 1.34 mm to nearly 2.68 mm. Decreasing further to a
15% fill factor pushes the 3dB depth beyond the maximum depth. Coupled with CCR, this
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technique could increase the total imaging range with SNR loss to a full 14 mm range with
1.8 dB SNR loss at the edges for Finesse = 6. Finally, Figure 24 is a graph comparing
reflected and transmitted power of the optical filter of Figure 20.

[00168] Some embodiments for a comprehensive ocular imaging system using swept
source (SSOCT) design have a zmax=7um, thus the imaging depth capability of this system
after complex conjugate removal is 14mm optical path length. As illustrated in Figure 19, for
a swept source implementation, the light source may be a swept source laser 1996 having a
center wavelength near 1060nm, an instantaneous coherence length (before filtering) of Smm,
and a full-scanning optical bandwidth of approximately 100nm. Light from the laser is
directed into a 50:50 single mode coupler 1920 and then into sample and reference arms.
[00169] As in the SDOCT implementation, the reference path directs light from the
coupler to an optical reflector 1912 that is designed to match the path length to the region of
interest for the sample under test. Positioning capabilities of the SSOCT reference arm are
the same as for the SDOCT reference arm. However, in some embodiments, rather than the
phase modulator of the SDOCT configuration, the SSOCT configuration possesses an
acousto-optic modulator (AOM) operating at 250MHz acoustic frequency for heterodyne
complex conjugate artifact removal. The sample arm may also possess an AOM operating at
250MHZ plus a differential frequency, as discussed in U.S. Patent No. 7,336,366.

[00170] Light returning from the sample and reference arms is recombined in the 2x2
coupler and detected by a SOOMHz bandwidth optical photoreceiver. A/D conversion is
performed with 12 bit resolution at S00MHz sampling rate in order to obtain 2*zp. =14mm
optical path length.

[00171] Previously demonstrated implementations of heterodyne complex-conjugate
removal in SSOCT systems utilized a pair of phase modulators (either acousto-optic or
electro-optic) arranged to give a net difference phase modulation frequency on the order of
hundreds of kHz to tens of MHz. This was done with either one modulator placed in each of
the reference and sample arms, or two modulators arranged in series in a single arm. With
source sweep frequencies of less than about 20kHz, this arrangement gives a sufficiently high
heterodyne modulation frequency to allow for good separation of the complex-resolved A-
scan signal away from DC, With an increased sweep rate of approximately 100kHz, a single
acousto-optic or electro-optic modulator operating at approximately 350-500MHz modulation
frequency may be placed in the reference arm, as illustrated in Figure 19. If the photoreceiver

and A/D conversion circuitry have a bandwidth of 700-1000MHz, then the frequency
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modulation will place the zero path length position of the A-scan near the middle of the
detection bandwidth, thus effectively resolving the complex conjugate artifact for these rapid
scan rates.

[00172] The same periodic filter structure described for the SDOCT system is applied
to the SSOCT to increase the instantaneous coherence length of the source (by reducing the
sampled linewidth). A variable length piezo-driven etalon may be used in order that the
frequency spacing of the output peaks may be changed to change the single-sided depth of
the image. At 10.71 GHz, a 7 mm single-sided window imaging window may be achieved.
The number of samples acquired determines the wavelength range utilized, and thus enables a
tradeoff between resolution and acquisition speed. At 2048 samples, the sampled wavelength
range will be 82 nm, and the resolution will be approximately 10 micrometers. The reflective
port of the periodic filter acts directly as the k-trigger for sampling the interference signature.
As the etalon FSR is mddiﬁed, for example from 10.7 GHz to 5.35 GHz, the single-sided
imaging depth is increased from 7 mm to 14 mm. The k-trigger automatically tracks. This
capability to change imaging depth is an important attribute of this SSOCT architecture,
allowing an imaging system to rapidly change depth of imaging field as the situation requires.
[00173] For SDOCT, one can imagine a hardware switchable spectrometer wherein the
sampling interval is modified. A simple approach to reduce image depth is to process every
second pixel on an array. In some embodiments, a spectrometer can be constructed to double
the imaging depth.

[00174] In the drawings and specification, there have been disclosed exemplary
embodiments of the invention. However, many variations and modifications can be made to
these embodiments without substantially departing from the principles of the present
invention. Accordingly, although specific terms are used, they are used in a generic and
descriptive sense only and not for purposes of limitation, the scope of the invention being

defined by the following claims.
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THAT WHICH IS CLAIMED IS:

L. An extended depth Fourier domain optical coherence tomography imaging
system, the system comprising:

a detection system configured to sample spectral elements at substantially equal
frequency intervals, wherein a spectral width associated with the sampled spectral elements is

not greater than one-half of the frequency interval.

2. The system of Claim 1, wherein the spectral width associated with the

sampled spectral elements is approximately equal to one-half of the frequency interval.

3. The system of Claim 1, wherein the extended depth Fourier domain optical
coherence tomography imaging system is an ophthalmic imaging system configured to image

a region of a sample with optimized depth field of view and image resolution.

4. The system of Claim 3, wherein the sample is an eye.

5. The system of Claim 4, further comprising at least one adjustable imaging

window that defines an area of the eye to be imaged.

6. The system of Claim 5, wherein the system is configured to image structures

of the eye in a wavelength range of from about 800 nm to about 1200 nm.

7. The system of Claim 1, wherein the system is configured to have a single-
sided imaging depth of about 7.0 mm and a complex conjugate resolved image depth of about

14 mm.
8. The system of Claim 1, further comprising:
a combiner configured to connect elements of the system; and

a broadband optical source coupled to the detection system through the combiner.

9. The system of Claim 8, wherein the combiner comprises a fiber optic coupler

and wherein the broadband optical source comprises a superluminescent diode.
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10.  The system of Claim 9, wherein a splitting ratio of the combiner is selected to

optimize power to a sample and signal to noise ratio of the detection system.
11.  The system of Claim 10, wherein the splitting ratio of the combiner is a ratio
of 80/20, wherein 20 percent of source light is directed to the sample and 80 percent of the

source light is directed to a reference arm.

12. The system of Claim 8, further comprising an optical reflector coupled to the

detection system and the broadband optical source through the combiner by a reference arm.
13.  The system of Claim 12, wherein the reference arm is adjustable.

14.  The system of Claim 12, wherein the optical reflector is a phase modulated

optical reflector.

15. The system of Claim 1, wherein the detection system comprises a k-linear
spectrometer.

16. The system of Claim 15, wherein the k-linear spectrometer comprises a
chirped grating,

17.  The system of Claim 16, wherein the k-linear spectrometer comprises a
GRISM.

18. The system of Claim 8, further comprising a periodic optical filter between the

broadband optical source and the detection system.

19.  The system of Claim 18, wherein the optical filter comprises a Fabry-Perot

etalon.

20.  The system of Claim 8, wherein the broadband optical source comprises a

swept comb source comprising a swept source laser and an optical filter.
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21.  The system of Claim 20, wherein the optical filter comprises a Fabry-Perot

etalon.

22.  The system of Claim 20, wherein the swept comb source further comprises an

optical output that is coupled to an acquisition trigger circuitry.

23.  The system of Claim 20, further comprising a circulator, wherein the swept
comb source is coupled to the combiner through the circulator and wherein the combiner

comprises a single mode coupler with a coupling ratio between 50:50 and 90:10.

24, The system of Claim 20, wherein the detection system comprises a triggered

balanced heterodyne detection system.

25. A method for imaging over an extended depth using the extended depth

fourier domain optical coherence tomography imaging system of Claim 1.

26.  The method of Claim 25, wherein the method comprises a method for imaging

an eye over an extended depth.

27.  An extended depth Fourier domain optical coherence tomography imaging
system, the system comprising:
an adjustable detection system configured to sample spectral elements at substantially

equal frequency intervals, wherein the frequency interval is adjustable.

28. A method for imaging over an extended depth using the extended depth

fourier domain optical coherence tomography imaging system of Claim 27.

29. The method of Claim 28, wherein the method comprises a method for imaging

an eye over an extended depth.
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30.  An extended depth Fourier domain optical coherence tomography imaging
system, the system comprising:

a detection system configured to sample spectral elements at substantially equal
frequency intervals, wherein a spectral width of the sampled spectral element is not greater
than one-half of the frequency intervals and wherein a mirror image artifact is substantially

removed.

31.  The system of Claim 30, wherein the Fourier domain optical coherence
tomography system comprises a Spectral-domain optical coherence tomography system and
wherein the mirror image artifact is substantially removed using continuous phase

modulation of the reference arm.

32.  The system of Claim 30, wherein the Fourier domain optical coherence
tomography system comprises a swept source optical coherence tomography system and
wherein the mirror image artifact is substantially removed using a differential frequency shift

between the reference arm and the sample arm.
33.  The system of Claim 32, wherein the swept source optical coherence
tomography system comprises an acousto-optic modulator in the reference arm an no

acousto-optic modulator in the sample arm

34. A method for imaging over an extended depth using the extended depth

fourier domain optical coherence tomography imaging system of Claim 30.

35.  The method of Claim 34, wherein the method comprises a method for imaging

an eye over an extended depth.
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