Microscopic 3-D
optical imaging
provides guidance to
tomorrow’s doctors
during surgical
interventions.
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Interferometric Synthetic
Aperture Microscopy

Micr oscopic

Laser Radar
Tyler S. Ralston, Gregory L. Charvat, Steven G. Adie,
Brynmor J. Davis, P. Scott Carney and Stephen A. Boppart

Combining optical coherence tomography instrumentation and
the principles of synthetic aperture radar, researchers have develComposite image by Fran Harrington

oped a new method for reconstructing 3-D optical images—even
in regions that are out of focus in the raw data. Doctors may soon
be able to use this approach as a noninvasive diagnostic tool in
clinical settings.
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n many clinical scenarios, doctors
high-resolution images from entire tisNew advances in
require high-resolution visualization of
sue volumes. The hardware used in ISAM
algorithms and
tissues and their underlying cellular strucoriginates from optical coherence tomogratures. Perhaps the most common example
(OCT), a low-coherence interferometric
computing hardware phy
is for the identification, diagnosis and
ranging technique with micrometer-resolutreatment of cancer. In such cases, clinicians
tion and deep penetration within tissues (on
have enabled realtypically take tissue biopsies, which are then
the order of 2 mm). ISAM data processing
time ISAM—an
processed in a pathology lab and examined
is an optical analogue of synthetic aperture
under a microscope.
radar (SAR).
important step
A drawback of histological tissue proISAM explicitly accounts for the optical
toward widespread
cessing is that it can take anywhere from
system being used—for example, the optical
a few hours to several days to complete. In
beam profile, scanning pattern, bandwidth,
clinical use.
critical operating room procedures, more
etc. It takes advantage of the fact that the
timely feedback would be highly desirable.
data are samples of a linear function of the
Furthermore, biopsies are often inconvenient and uncomfortscattered optical fields, and that the fields are connected to the
able for patients, and they introduce possibilities for error into
object susceptibility function through Maxwell’s equations.
the sampling technique, since tissues are altered and disturbed
The susceptibility function, or a filtered version of it, is deteras they are taken.
mined from data by solving this system of equations. ISAM
The ideal diagnostic modality would be noninvasive
achieves spatially invariant resolution, thus yielding advantages
and would produce quick, accurate information in clinical
over OCT, which has comparable resolution only in the focal
settings. A new approach called interferometric synthetic
plane. Spatially invariant resolution extends the functionality
aperture microscopy (ISAM) provides a means of retrieving
of the imaging system by distinguishing structural scattering
from beam-defocusing effects. New advances
in algorithms and computing hardware have
[ Spectral-domain OCT system and ISAM algorithm ]
enabled real-time ISAM—an important step
toward widespread clinical use.
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(Top) A spectral domain optical coherence tomography (SD-OCT) system used
for phase stable ISAM measurements. A broadband source feeds into a beam
splitter, where 50 percent serves as a reference for the other 50 percent traveling
to and scattered back from the sample. Scattering depths are inferred from the
spectral interference. The beam is scanned over an objective lens that focuses
it into the specimen. (Bottom) To form images, the data are processed with the
ISAM algorithm on a personal computer.
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The figure to the left illustrates an implementation of OCT, known as spectral-domain
OCT (SD-OCT). OCT is a high-resolution
medical and biological imaging technology
that is making the transition from research
technique into clinical tool. It is analogous
to imaging techniques such as radar, sonar or
medical ultrasound in as much as it relies on
“echo” time-of-flight measurements to probe
an object of interest.
OCT is attractive for medical imaging
because it permits real-time in situ imaging
of tissue microstructure with a resolution
(1-10 mm) that approaches that of conventional histology. Yet, in principle, there is no
need to excise tissue or perform time-consuming histological processing. The technology is flexible enough to be widely applied in
clinical settings because it is compatible with
fi xed or handheld probes, forward imaging
endoscopes, fiber-optic catheters and needlebased probes.
OCT has already found widespread application in ophthalmology, due largely to the
relative transparency of ocular tissues. The
superior resolving capabilities of OCT over
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confocal scanning laser ophthalmoscopes
ISAM instrumentation
ISAM and OCT
have made it the modality of choice for the
ISAM and OCT are derived from low-coherare derived from
clinical imaging of many retinal diseases.
ence interferometry (LCI), a method for meaFiber-optic catheter technology has enabled
suring the travel time of backscattered light.
low-coherence
the application of OCT in cardiology, specifThe phase of electromagnetic fields at optical
ically for the detection of vulnerable plaques. interferometry, a
frequencies fluctuates too quickly to be meaFor all its successes, OCT has been
sured directly, unlike microwave frequencies,
method for meaplagued by a trade-off between resolufor example. An interferometer can be seen as a
tion and depth-of-field. ISAM provides a
suring the travel
statistical measuring device for determining the
means to circumvent this by reconstructing
delay through cross-correlation.
time of backscat- optical
the underlying 3-D sample structure with
Light from a broadband source is split
spatially uniform resolution, even in those
tered light.
into two arms, and the resulting interference
regions that appear out-of-focus in OCT.
between the sample and reference arms is
That is, the ISAM reconstruction offers
measured at a detector. SD-OCT uses a specdepth-of-field limited only by signal power decay or by other
tral detector that measures the time-averaged intensity of the
corruption of the signal such as multiple scattering.
power spectral density. The backscattering delays are then cal-

Synthetic aperture radar

culated via the Wiener-Khintchine theorem—i.e., by Fourier
transform processing. Galvanometer mirrors and translational
stages in the sample arm scan a focused beam laterally across
the sample to generate two- or three-dimensional datasets.

Synthetic aperture radar is built on the instrumentation
developed for radar. It provides images that are more immediately accessible and useful than the raw data
from radar. While ISAM was developed
[ Rail SAR system and RMA algorithm ]
from the solution of the inverse-scattering
problem of OCT, the algorithm is similar to
x y
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oscillator (or reference chirp) in SAR, while
in ISAM the phase must be captured in a
statistical setting using interferometry.
Rail control
The success of OCT is much like the
Stepper
early success of radar. High demand for
motor
images motivated advanced instrument
development. Commercial OCT systems
Algorithm
provide three-dimensional microscopic
1-D along
Matched
Stolt
imaging in medical applications, notably
Calibration
2-D IFFT
track FFT
filter
interpolation
in ophthalmology. Early high-resolution
radar provided aircraft crews with real-time
(Top) A small short-range ultrawideband radar sensor acquires range profiles for
ground mapping. In each modality, the
each increment along a linear path. A noticeable difference between the ISAM and
study of the physics has led to more sophistiSAR systems is that the ISAM system probes with a focused beam, while the SAR
cated means to collect and interpret data.
system probes with a divergent beam. The focal plane in the SAR system is at the
front of the antenna. Transmit and receive antennas have a beamwidth of 25 degrees
The figure to the right illustrates an
and the down-range target remains illuminated for the whole scan. Similar to ISAM,
implementation of ground-based stripmap
adjacent beams in SAR have a large overlap. (Bottom) Range profiles are processed
radar, known as rail SAR. Its implementausing the range migration algorithm (RMA) to form a high-resolution image. The
tion closely parallels the Cartesian scanning
steps of the RMA closely parallel the inverse-scattering procedure for ISAM.
geometry of ISAM.
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The scanning geometry dictates the structure of the reconstruction algorithm. As with OCT, several geometries can
be used in ISAM, as long as the reconstruction algorithm is
applied correctly. In this article, we focus on ISAM reconstruction for the commonly used Cartesian lateral beam scanning
geometry, i.e., beam scanning transverse to the lens axis.
Axial resolution is inversely proportional to the bandwidth
of the light source, and lateral resolution is inversely proportional to the numerical aperture (NA) of the focusing optics.
In OCT, there is a trade-off between the axial range that is
in focus and the achievable lateral resolution. In ISAM, this
trade-off is eliminated, and spatially invariant lateral resolution
is obtained at all depths in a single volumetric reconstruction.

ISAM reconstruction
The steps of the ISAM reconstruction algorithm may be
applied in 2-D or 3-D. For completeness, the signal will be
represented in 3-D coordinates. The SD-OCT signal may be
represented by S(x, y, v), a function of transverse position x
and y, and frequency v collected at the spectrometer. Prior
to processing, the complex analytic signal representing the
range profile is calculated with the digital Hilbert transform.
Preprocessing steps may be applied to mitigate phase and
position instabilities.

dispersion compensation is the approach used for mapping
the data from temporal frequency v to spatial frequency k,
the wavenumber.
A mirror acts as a single reflector and is used to calibrate
the axial point spread function. A cubic polynomial provides a
parameterized mapping formula for the conversion to spatial frequency k(v). After mapping v to k, the data may be
rewritten as S(x, y, k). The reconstruction up to this point is
similar to standard processing for OCT.
In the spatial domain, each data point is the sum of
contributions from all scatterers in the object—that is, the
measurements are multiplexed. However, the kernel of the
operator relating the object structure and the data is diagonal in transverse Fourier basis. In order to take advantage of
this, one must apply the Fourier transform in the transverse
directions. The signal is then written in the Fourier space of
the data S(qx, q y, k), where qx and q y are the transverse spatial
frequency coordinates.
Move scene center, Fourier remapping
and inverse Fourier transform

An important step in the inverse scattering procedure is to
shift the coordinate origin to the optical focus. This can be
done by shifting the phase of the data by:
W2W
f(qx, qy , k)= –z 0(2k) + z 0√(2k)
–qx2 W
–qy2 ,

Calibration and transverse frequency

where z 0 is the distance to the coordinate origin. The first
term –z 0(2k) shifts the data down, while the second term
W2W
z 0√(2k)
–qx2 W
–qy2 , a diffraction kernel, shifts and diffracts the
data up. Therefore, the net movement of the sample is zero,
but the net movement of the focus is z 0.

One can calibrate the SD-OCT system with a method
known as dispersion correction, which is used to compensate
for a mismatch of material dispersion between the sample and
reference arms, or non-linear frequency dispersion introduced
by the diffraction grating in the spectral detector. Digital

[ ISAM of titanium dioxide particles suspended in a silicone matrix ]
(a)

(b)
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[ Stolt resampling grid ]
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A tissue phantom consisting of subresolution-sized titanium-dioxide particles suspended in
silicone is imagined with the SD-OCT system. A cross-sectional image, 100 μm (transverse) 3
1.7 mm (axial), is shown (a) without any calibration (b) with system dispersion calibration (OCT)
(c) with diffraction kernel adjustment and (d) with ISAM processing. En face planes, 100 3 120 μm,
are shown to the right of (b) and (d) at three depth locations 1,100 μm above the focus, 475 μm
above the focus, and 240 μm below the focus.
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Stolt interpolation grid showing
the sampling lattice for selected
(qxy, k) values on a uniform
(qxy, qz) grid. The numerical
aperture (NA) dictates the area
subtended by pNA.
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The Stolt interpolation is the application
of a Fourier space mapping from S(qx, qy , k)
to S(qx, qy , qz), where the longitudinal spatial
frequency coordinate is:
W2W
–qx2 W
–qy2 .
qz = –√(2k)

The inversescattering solution
provides a reconstruction procedure based on
the model of
the instrument.

2
2
In the Fourier re-mapping, qxy = √qW
x +q y
is the transverse vector magnitude, kmin is
the minimum wavenumber, and kmax is the
maximum wavenumber.
The inverse Fourier transform is applied
to S(qx , qy , qz) to recover the scattering
potential h(x, y, z). Aperture weights may be applied prior to
this step to control the impulse response sidelobes. A multiplicative term may be applied to ISAM data to compensate for
signal loss away from the focus.

ISAM experimental results
The inverse-scattering solution provides a reconstruction
procedure based on the model of the instrument. However,
experimental validation is required to test model assumptions

[ ISAM of human breast adipose and tumor tissue ]

and demonstrate the utility of the method.
Here, we describe an experiment to test the
applicability of ISAM to human tumor tissue
imaging.
The ISAM system in these experiments
has a near-infrared titanium-sapphire laser
source with 100 nm of bandwidth centered
at 800 nm. The power incident on the sample
was 8 mW. The focal length of the imaging
lens is 12 mm; the spot radius is 5.6 mm and
the numerical aperture is 0.05. The spectrometer was designed with a 100-mm focal
length achromatic lens to expand the beam before dispersion
off a diffraction grating.
We used a pair of achromatic lenses to focus the dispersed
optical spectrum onto a line-scan camera. The specimen was
placed on the stage, and 3-D image data were measured by
raster-scanning the incident beam in the transverse plane using
a pair of galvanometer scanning mirrors and/or the stage.
We used the ISAM system to perform three-dimensional
ex vivo imaging of human tumors. The ISAM reconstructions
exhibit various distinguishing characteristics that are not

[ 3-D ISAM of human neck tumor ]
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A volume of densely scattered excised human neck tumor,
360 μm 3 360 μm (transverse) 3 2,000 μm (axial), was imaged
ex vivo. A sliced subset volume of (left) 3-D OCT data and
(right) 3-D ISAM reconstruction are displayed. The 3-D ISAM
reconstruction sharply resolves the tumor boundaries and
features of the tissue. The en face plane is over 10 Rayleigh
ranges above the focus.

[ En face ISAM of human breast tumor tissue ]
(c)

(d)

115 μm
En face images from human breast tissue are shown for
depths located at (a, c) z = 601 μm and (b, d) z = 653 μm
where z = 0 μm is the focal plane. The unprocessed OCT data
are seen on the top and the ISAM reconstructions on the bottom. The ISAM reconstructions resolve features in the tissue,
which are not discernable from the unprocessed data.

A volume of excised human tumor tissue, 360 μm 3 360 μm
(transverse) 3 2,000 μm (axial), was imaged ex vivo. The en
face data eight Rayleigh ranges from the focus is shown for
(left) the OCT data, (center) the 3-D ISAM reconstruction,
and (right) the corresponding histological slice.
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apparent in the corresponding OCT. These
Summary
The visualization
include sharp boundaries of dense scatterprovides spatially invariant resoluand analysis of 3-D ISAM
ing neck tumor and adipose cells with point
tion, extending the depth-of-field and
scatterers (cell nuclei) in breast tissue. A
volumetric data
reducing defocusing artifacts in clinical
disruption of normal breast tissue structure
imaging. Volumetric data with spaaccompanied by a heterogeneous clustering
could allow for large 3-D
tially invariant resolution has the potential
of cell nuclei can be observed in ISAM and
to improve system effectiveness for the
volumes of living
histology. Note that histological processapplications of OCT imaging.
ing physically alters the tissue, and thus the
tissue to be imaged many
ISAM
and SAR reconstruction algosample structure may be altered considerrithms
are
based on the same principle,
at cellular resolution
ably before microscopic examination. In
namely
that
an aperture with high resoluaddition, sampling errors resulting from
without resection.
tion
can
be
computed
from several lowcoarsely spaced tissue sections can increase
resolution apertures. Further development
the odds of a false-negative diagnosis. With
of ISAM may benefit from the long history of SAR, in both
ISAM, a clinician can inspect images of the tissue directly,
reconstruction and hardware. The use of well-developed SAR
rather than waiting for standard histopathology.
algorithms such as ground moving target indication, autofocus, automatic target identification, and others can be applied
Ongoing research
to future ISAM imaging systems, providing automatic detecFurther research seeks to obtain cellular resolution in scattion algorithms or guidance for diagnosis and intervention. t
tering tissues. Neoplastic changes—or changes that indicate
abnormal cell growth—are characterized by abnormalities in
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