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Interferometric synthetic aperture microscopy provides high-resolution three-dimensional
optical images of semitransparent samples with large depth of field without scanning the
focal plane. ISAM theory and experiments will be discussed. (©) 2007 Optical Society of
America
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Optical coherence tomography (OCT) is a powerful modality for optical and near-infrared three-
dimensional imaging in medicine and biology [1-4]. Interferometric synthetic aperture microscopy
(ISAM) is a recently developed modality based on a solution of the inverse scattering problem for
instrumentation similar to OCT with augmentation to provide phase stability over the data set.
ISAM has been demonstrated in simulation [5-9] and in experiments with tissue phantoms and
human tissue [10]. It offers advantages over OCT in that it is quantitative and that images may be
obtained over many confocal lengths in the axial direction without scanning the focus. Thus there
is no need to compromise between depth of field and resolution as there is in OCT.

The physical models for light scattering and the mathematics of ISAM are presented. It will be
seen that the mathematical expressions for the ISAM signal are amenable to two different asymptotic
treatments that happen to result in identical resampling schemes for double-pass instruments, the
modality currently practiced. This resampling scheme leads to fast algorithms for data processing to
provide computed reconstructions of the sample in three dimensions with uniform resolution. Thus
ISAM provides a means to bring into focus data from regions that appear out-of-focus in OCT.
The many advantages of this method are discussed including some less obvious benefits such as a
mitigation of the effects of autocorrelation. Experimental results are presented and future directions
discussed.

In OCT and ISAM, a beam of light is projected into a semitransparent sample and the back-
scattered light is collected and measured in an interferometer. The center of the beam in a plane
perpendicular to the beam axis is denoted by the position vector r|. At each position of the beam,
data are collected interferometrically as a function of frequency, w, either directly or by Fourier
transform from the time domain. The data may then be written as a function of position and
wavenumber, k = n(w)w/c, where n(w) denotes a generally dispersive background index of refrac-
tion [11], S(r||, k). In OCT, the data from distinct axial scans, that is corresponding to different ry,
are treated as independent and an image is obtained by taking the one-dimensional inverse Fourier
transform with respect to k. ISAM takes into account a more complete model that includes scatte-
ring and beam diffraction effects. Data in different axial scans are related and it becomes vital to
establish phase stability between scans. It may be seen that the interferometric signal is related to
object susceptibility,n by the relation [7]

S(ro, k) = / d*r /d?’T/Gr r, k)g(r' —ro,k)g(r — ro, k)n(r’) (1)

where g describes the aperture function of the system and G is the green function. Within the scalar
model for the field emerging from a single-mode fiber, g is usually well-approximated by a Gaussian.



Fig. 1. An en face OCT image of human breast tissue 4.9 Rayleigh ranges from the focal
plane (left) and an ISAM image of human breast tissue 4.9 Rayleigh ranges from the focal
plane (right). Here a Rayleigh range is 120pm and the en face images are 720pm X 360um.

The relationship between the signal and the sample structure expressed in Eq. (1) is linear and
may thus be inverted by standard computational methods. However, it should be understood that
the numerical inversion of an integral equation in three dimensions will necessarily be very compu-
tationally expensive i.e. slow. A careful analysis reveals that the expression simplifies significantly
in at least two asymptotic regimes [9]. The first corresponds to the signal originating from points
in and near the confocal region. The large expansion parameter may be taken to be 7/NA and
the resultant expansion is seen to be dominated by the leading term even as NA — 1. The second
regime corresponds to signals originating far from the aperture plane. A stationary phase expansion
of the integral yields a series of ray approximations, the first term being the direct ray, the next
the so-called boundary ray, etc. Taking the two-dimensional Fourier transform of S (indicated by a
tilde) with respect to r||, and using the asymptotic methods described above [7,9], it may be found
that in both regimes

$(Q.k) = K(Q. k)i | Q. ~2v/k = Q7/1] (2)

where ﬁ is the three-dimensional Fourier transform of the susceptibility and describes the structure
of the sample. The object structure may then be recovered by filtering and resampling in the Fourier
domain followed by a three-dimensional inverse Fourier transform. Since the relationship between
the data and the object structure is expressible entirely in the Fourier domain, there is necessarily
no preferred location. The resolution is thus expected to be spatially uniform and everywhere equal
to the resolution of the raw data in the focal plane.

Results of ISAM imaging are shown in Fig. (1) and compared to OCT data outside the confocal
region. The details of the experimental implementation may be found elsewhere [10]. A key step in
implementation is the stabilization of the instrument to ensure phase coherence across the entire
data set. In each axial scan, the signal must be dispersion compensated [11]. Data acquisition and
processing time is under one-half second per frame for frame sizes of 512 x 1024 pixels.

ISAM obviously provides certain advantages over OCT in that focus need not be scanned
and there is no trade between depth of imaging and resolution. These benefits allow the design
of mechanically simpler instrumentation with superior resolution (as compared to OCT) expected
therefore to be more robust and amenable to use in a clinical setting. Several other benefits obtain.
ISAM reconstructions are quantitatively meaningful and therefore may have greater diagnostic value.
The problem of image artifacts associated with the autocorrelation in spectral domain instruments
is seen to be mitigated by ISAM reconstruction [12]. That is, the computational focusing of the



expected signal has the effect of defocusing the signal associated with the unwanted autocorrelation.
A theoretical analysis and experimental demonstration of this effect are presented.
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