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Abstract

Computationally reconstructed interferometric sytithaperture microscopy (ISAM)
is coregistered with optical coherence tomograg@T) focal plane data to provide
cross-validation of ISAM. Through a qualitative qoamison of images and a
guantitative analysis of the width of the pointegmi-function in simulation and
experiment, it is shown that ISAM provides unifogpatial resolution regardless of

the placement of the focus during data acquisition.

OCIScodes: 100.3190, 100.6890, 170.1650, 170.4500, 110.6B80,3170



Optical coherence tomography (OCT) is a powerfubdality for optical and near-
infrared three-dimensional imaging in medicine araogy [1,2,3]. The quality of an
OCT image is often related to the axial and latexablutions achieved in the sample.
There have been a number of methods developedpmua the lateral resolution in
OCT beyond the conventional Rayleigh range limiSor example, axicon lenses,
adaptive optics, and multiple acquisitions gengralive been used to capture high-
resolution OCT images over extended axial distar[des,6,7]. Interferometric
synthetic aperture microscopy (ISAM) is a recemtiveloped modality based on a
solution of the inverse scattering problem for aehee imaging which provides
spatially-invariant, but not necessarily isotroptcansverse and axial resolution.
ISAM has been demonstrated in simulation [8,9,104]land in experiments with
tissue phantoms and human tissue [12]. The instmtatien is similar to an OCT
system with augmentation to ensure phase stabiigy the acquired data set. There
are certain advantages of ISAM with respect to OCIAM images are quantitative
plots of the scattering potentigl while OCT images are plots of the field intensity.
Furthermore, ISAM images may be obtained over nm@mfocal lengths in the axial
direction without scanning the focus. Thus, ther@é need to compromise between

the depth of field and the transverse resolutiothae is in OCT.

In this Letter, it is shown explicitly through siation and experiment that ISAM
produces a spatially-invariant resolution equath® focal-plane resolution obtained
in an OCT system with equivalent optical componemts ISAM, the spatially-
invariant transverse resolution limit is governagdtive numerical aperture of the lens
and the axial resolution limit is determined by thical bandwidth of the system.

An ISAM reconstruction of aen face image of a tissue phantom in a plane far from



the focus is compared to OCT data in the same geraant and an OCT image
refocused to the same plane. A sample consistisglofresolution particles is imaged
with both modalities and the full-width-half-maximu(FWHM) of the transverse
point-spread-function (PSF) is shown as a functibdepth. It may be seen that the
ISAM FWHM is spatially uniform whereas the OCT FWHNtreases nearly linearly
with distance outside the confocal region. Thesaulte are in agreement with

simulation and theory.

In OCT and ISAM, a beam of light is projected iat@emitransparent sample and the
backscattered light is collected and measured imt&nferometer. The center of the
beam in a plane perpendicular to the beam axisn®ted by the position vectey,.

At each position of the beam, data are collect¢erfi@erometrically as a function of
frequency,w, either directly or by Fourier transform from ttime domain. The data

may then be written as a functi@{r,,k) of position and wavenumbek,= n(w)a'c,

where n(w) denotes a generally dispersive background indesefoéction [13]. In
conventional OCT, the data from distinct axial scathat is corresponding to
different r,, are treated as independent and an image is eftdiy taking the one-
dimensional inverse Fourier transform with respeck . ISAM takes into account a
more complete model that includes scattering arambdiffraction effects. Data in
different axial scans are related, thus phase asdign stability between scans must
be preserved. In this work, a common path refleatat triggered acquisition provide
the needed stability and precision [14]. Taking ttwo-dimensional Fourier

transform of S (indicated by a tilde) with respect tp, and using broadly applicable

asymptotic methods [10,12], it may be found that



$Q.0 =K(Q.k17|Q-2/k*-Q74, @

whereQ represents the transverse frequency coordingtés,the three-dimensional
Fourier transform of the scattering potential whidéscribes the structure of the
sample,Q represents the magnitude @f and the specifics oK (Q,k) are described
by equation (9) in [10]. The object structure nthgn be recovered by resampling
and filtering in the Fourier domain followed by larde-dimensional inverse Fourier
transform. Since the relationship between the daid the object structure is
expressible entirely in the Fourier domain, thereo resolution advantage gained by
longitudinal movement of the focus relative to temple. The resolution is thus
expected to be spatially uniform throughout thenilinated volume, and equal to the

resolution of the conventional OCT data in the fqtane.

In practice, there is some loss of signal-to-no&é® (SNR) as the distance from the
focus increases for both OCT and ISAM. This loss tihaee sources. First, the system
aperture is necessarily of finite extent and soefewhotons are collected from
scatterers far from the focus. This effect is neférto as vignetting. Second, as the
light penetrates more deeply into the sample, itis¢é Born approximation, which is
used to linearize the problem, becomes less aecufdtis effect is referred to as
multiple scattering. Third, a careful analysis whothat far from the focus the
expected signal power falls off as the inversehef tistance from the focus [12],
while the noise power, due to the multiplex natofeghe measurement, remains the

same.

A source with a center wavelength of 810 nm andradwvidth of 100 nm was used to



iluminate a sample consisting of roughlyzdm diameter TiQ particles suspended

in silicone. These particles were selected to ledl velow the resolution of the
system and therefore are represented by the P&teafystem. The focusing optics
produced a spot size of 78m (FWHM), a confocal parameter of 240m, and a
numerical aperture of 0.05. The reference pathtfengs matched at 1.4 mm above
the focus. En face (transverse to the beam axis) images were obtauitbdhe focus
fixed 450pum from the plane being imaged using both OCT amdMSThe sample
was then moved 450m so that the focal plane of the lens was the pisaged, and
OCT was performed again. This translation corradpoto an optical path length
change of 64Qum, since the index of refraction for silicone i42. The results are
shown in Fig. 1. It may be seen that the resolwtippears to be the same in the ISAM
and coregistered OCT image. This observation wakdu quantified. It may also be
observed in Figure 1 (a) and (b) that the SNR isse/dor the data outside of the focal

plane, as expected given the reasons describe@ abov

A simulation of the PSF FWHM was made for OCT aodIBAM. Using the same
simulation method as found in reference [10], 100hpscatterers were located by a
Monte Carlo method, and the data for the forward @mwverse problems were
calculated using the formulae for the signal irerefce [10]. The spot size of the

simulated beam is 7.& m (FWHM) to match the experimental data. To mease

average FWHM of each point at each depth, the vease Fourier transform of the
magnitude of the image was taken and averagedroaay realizations in the Monte
Carlo simulation. A Gaussian profile was fit to inerage Fourier transform, and the
width of this Gaussian was taken to be the recglreé the FWHM of the PSF.

Figure 2 shows the average PSF FWHM as a funcfiahistance from the focus for



an OCT and an ISAM imaging system. ISAM exhibitektively uniform PSF width
for all depths while the PSF width for the OCT daereases approximately linearly
at distances of more than one Rayleigh range {I80 half a confocal parameter

distance) from the focus. In comparison, the themaePSF FWHM for the beam is

plotted, w(z) = w,/1+ (z/z; )’ , Wherez is the distance from the focus, is the spot

size (FWHM), andz is the Rayleigh range. There is more coherentrfarence
between scatterers at larger distances from thesfqaroducing what appears as well
localized structure, though this structure in theage does not correspond to actual
sample structure. This may explain why the Mongel&simulation of the OCT data

has slightly lower PSF values at larger distanoes the focus.

It is important to note that in both modalitiese thandwidth of the complex analytic
signal, in principle, does not change with deptrhaiVmight mistakenly be called
blurring in the OCT data is actually defocus, ayvdifferent phenomenon. This is
why ISAM is feasible: the defocusing observed inTOE the result of a changing
phase relationship between plane wave componentheofield and this can be

corrected when one has access to the complex signal

Using the same method as in the simulations, tleeage PSF width of the imaged

TiO, particles in the tissue phantom was measuredfaaction of depth for OCT

and ISAM. The results are shown in Fig. 3. In agreet with the simulations, ISAM
exhibits a relatively uniform PSF width for all dbp, while the PSF width of OCT

increases approximately linearly outside the coaifoegion.

Our results demonstrate that ISAM produces imagésbiting spatially uniform



resolution regardless of the placement of the fodusere are two immediately
apparent benefits. First, an ISAM instrument mayrtaele less mechanically complex
than a similar OCT system because there is no teesdan the focus. Second, data
may be acquired much more rapidly than in OCT, narbg a factor of the number
of positions of the focus needed to acquire dat the full depth in the sample, as in
the conventional OCT method. This factor is thekhess (depth) of the imaging
volume divided by the confocal parameter. A disadage in the ISAM method is
that at very large distances from the focus, th® $igrades in ISAM as compared to

when the focus is physically scanned in the axiaation in OCT.

ISAM has the potential to enable rapid imaging dd 3issue architecture over large
regions at microscopic resolutions. ImplementatdriSAM with an existing OCT
system requires relatively straightforward modificas, and the computational

efficiency of this technique enables real-time pssing for clinical applications.
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Figure 1. (a) En face OCT of a plane 450 / m above the focal plane. (b) ISAM reconstruction of

the same en face plane. (¢) En face OCT with the focal plane moved to the plane of interest in (a).
Thefield of view in each panel is360 t/ m by 360 4 m.
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Figure 2. Simulation of scatterersin OCT and | SAM. The plot showsthe PSF (FWHM) versus
distance from focus for a M onte Carlo simulation of OCT (solid lin€), a Monte Carlo smulation
of ISAM (dashed line), and the corresponding theoretical PSF of OCT (crosshair line). The

simulation uses a spot size of 7.8 ¢/ m (FWHM) and a Rayleigh range of 120 4/ m.
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Figure 3. Experimental measurement of the PSF (FWHM) ver sus distance from the focus for
OCT (solid line) and 1SAM (dashed line). The experiment uses a spot sizeof 7.8 {/ m (FWHM)

and a Rayleigh range of 120 f/m.
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