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Spectral domain optical coherence tomography (SDOCT) is a noninvasive, cross-sectional imag-
ing technique that measures depth resolved reflectance of tissue by Fourier transforming the
spectral interferogram with the scanning of the reference avoided. Interferometric synthetic aper-
ture microscopy (ISAM) is an optical microscopy computed-imaging technique for measuring the
optical properties of biological tissues, which can overcome the compromise between depth of
focus and transverse resolution. This paper describes the principle of SDOCT and ISAM, which
multiplexes raw acquisitions to provide quantitatively meaningful data with reliable spatially
invariant resolution at all depths. A mathematical model for a coherent microscope with a pla-
nar scanning geometry and spectral detection was described. The two-dimensional fast Fourier
transform (FFT) of spectral data in the transverse directions was calculated. Then the nonuni-
form ISAM resampling and filtering was implemented to yield the scattering potential within the
scalar model. Inverse FFT was used to obtain the ISAM reconstruction. One scatterer, multiple
scatterers, and noisy simulations were implemented by use of ISAM to catch spatially invariant
resolution. ISAM images were compared to those obtained using standard optical coherence
tomography (OCT) methods. The high quality of the results validates the rationality of the
founded model and that diffraction limited resolution can be achieved outside the focal plane.

Keywords: Optical coherence tomography (OCT); spectral domain OCT (SDOCT); interfero-
metric synthetic aperture microscopy (ISAM); resolution; image reconstruction.

OCT performs cross-sectional imaging by mea-

Optical coherence tomography (OCT) is analogous
to ultrasonic imaging that measures the intensity of
reflected infrared light rather than reflected sound
waves from the sample.! Time gating is employed
so that the time for the light to be back-reflected,
or echo delay time, is used to assess the intensity of
back-reflection as a function of depth. Unlike ultra-
sound, OCT uses an optical interferometer to mea-
sure ultra-short time delay of light back-reflected
from different depths of sample.

17

suring the time delay and magnitude of optical
echoes at different transverse positions, essentially
by the use of a low coherence interferometry.?3
A cross-sectional image is acquired by performing
successive rapid axial measurements while trans-
versely scanning the incident sample beam onto
the sample. OCT has the advantage that it can
achieve extremely high axial image resolution inde-
pendently of the transverse image resolution. The
axial resolution is determined by the coherence
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length of light source which is independent of the
sampling beam focusing conditions.

In the traditional reconstruction of OCT a
high depth of field can be achieved at the expense
of poorer transverse resolution.* High numerical
aperture tight focusing provides better transverse
resolution, but the depth of field is small. Thus
trade-off between depth of focus and transverse res-
olution limits OCT imaging. Interferometric syn-
thetic aperture microscopy (ISAM) is an optical
microscopy computed-imaging technique for mea-
suring the optical properties of structures and
biological tissues.*® ISAM makes it possible to
overcome the problem by computationally inferring
the susceptibility outside the focused range. The
transverse image resolutions at the different depths
become the same after ISAM reconstruction of OCT
image. The image quality cannot degrade away from
the focal plane.

In the paper, the imaging theory of spectral
domain optical coherence tomography (SDOCT) is
described and ISAM, which increases the transverse
resolution with depth of field fixed, is analyzed.
Then the reconstruction algorithm is described in a
computational procedure. Next, simulations for one
scatterer, multiple scatterers with gaussian white
noise are carried out. ISAM images are compared
to those obtained using standard OCT methods.
Simulations confirm that the ISAM can makes it
possible to overcome the trade-off between depth of
focus and transverse resolution.

2. SDOCT Imaging Principle

The basis principle of OCT is low coherence
interference.? In spectral domain, the full com-
plex envelope of the depth signal of the sample
is recorded to obtain spectroscopic information.
The present technique uses frequency domain OCT
(FDOCT), where depth resolution is obtained from
backscattering spectral interferometry. FDOCT is
a natural technique to directly access spectral data
since by virtue of a diffraction grating the signal
is already recorded in its frequency rather than
space domain. Within the accuracy of the first Born
approximation the three-dimensional distribution of
the scattering potential of the object can be com-
putationally reconstructed from the distribution of
amplitude and phase of the light scattered by the
object. The Fourier diffraction theorem relates the
Fourier transform of the measured scattering data
with the object structure.

EQ(r,k®,t)

/

Fig. 1. The object is illuminated along the negative z-axis.
k") = wavevector of illuminating light, k(*) = wave vector of
scattered light.

2.1. Scattering approximation

We illuminate an object by a monochromatic
(wavenumber k) Gaussian laser beam, see Fig. 1.
Let the object be positioned at the beam waist and
the object depth T" be of the order of magnitude
of the corresponding Rayleigh length. Then we can
assume the object being illuminated by an approx-
imately plane monochromatic wavefront

ED(r kD 1) = Aexp(ik® - r —iwt), (1)

where k( i) is the wavevector of the illuminating wave
and [kW| = k = 27/) is the wave-number. Here
we use a simplified classical description of the light
beam. We ignore any field quantization and treat
the electric field E of the light as a scalar, i.e. we
also ignore polarization effects. Let E)(r, k() t)
be the scattered wave. The sum of the two waves
E®(r kO 1)+ E®) (r, k) t) satisfies the Helmholtz
equation. In case of weakly scattering objects the
scattered field can be obtained by the first Born
approximation as a volume integral extended over
the illuminated object volume V ( ! )

EO (7, k), /F B, k0, 1)
xG(\r—r 3. (2)
With the Green’s function,
exp( zk r—r
() = PHTTD
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We shall confine some treatment to backscat-
tering and neglect any dispersion of the refractive
index of the object, i.e. we assume the scatter-
ing potential to be independent of the wavenum-
ber. This approximation simplifies the subsequent
treatment. And we replace the three-dimensional
Fourier transform of Eq. (2) by a one-dimensional
Fourier transform. The scattered light has an ampli-
tude which is proportional to the (one-dimensional)
Fourier transform of the scattering potential F(z)
of the object potential.

AW
~ 4rD
x FT{F(z)}. (4)

At P the back-scattered light wave is:
EY(P,k,t) = AY(P,k) explio™) (P, k)]

(i)
— _i MV)V exp(ikD — iwt)FT{F(2)},
(5)

i.e. proportional to the Fourier transform of the
scattering potential. F'(z) can be obtained by an
inverse Fourier transform of E()(P, k). Obviously
this is only possible if the amplitude and phase
of the scattered field E()(P, k) are known for at
least a limited range of k-values. Though we only
have access to the intensity of the scattered light
it is clear that we have to use multi-wavelength
illumination.

E® (kO 1) = exp(ik®) - r — iwt)

2.2. Measurement of scattered field
data

As shown above the scattered light wave has to
be measured for a range of wavenumbers k. The
wavenumber dependent intensity spectrum I(P, k)
of the back-scattered light is according to Eq. (5)
besides a constant C' — equal to the square of the
Fourier transform of the scattering potential of the
object:

I(Pk) = [EV)(P k) = CIFT{F(2)}]>.  (6)
Taking the inverse Fourier transform of I(P,k)

yields the auto-correlation function (ACF) of the
scattering potential

FT YI(Pk)}=C(F*(2)F(z + Z)) = CACFr(2).

(7)
Hence we obtain the ACF of the object scattering
potential and not the object scattering potential
F' itself. Only with very simple object structures

the ACF can be deciphered and the true scattering
potential of the object can be obtained. The scat-
tering potential can be described as a sum of the
actual object F(z) plus a delta-like potential (with
amplitude reflectivity R):

F(z) = Fo(z) + Ro(z — z1). (8)
Then the auto-correlation yields four terms:

(Fg (2)Fo(z + 2)) + (Fg (2) Ro(2 + Z — 21))
+(R6*(z — z1)Fo(z + Z))
+(R?6* (2 — 21)0(2 — 21 + Z)) 9)

= ACFp(Z) + RE; (21 — Z)
+RFy(z + Z) + R?0(Z).

Here the third term yields — besides the constant
factor R — a true reconstruction of the object struc-
ture, centered at z = —z;. A dominating light
remitting interface can be realized by a reference
mirror in front of the object. Any overlap between
the four terms of the ACF is avoided by choos-
ing the distance L between the interface and the
object larger than the object depth 7' : L > T.
So OCT depth resolved information is encoded in
the cross spectral density function measured with
a spectrometer located in the detection arm of an
interferometer. But it must be kept in mind, that
extending the depth of the object structure from
T to T + L increases the frequency of the Fourier
transform and demands for an increased resolution
in the k-space.

3. Interferometric Synthetic
Aperture Microscopy (ISAM)

ISAM is an optical microscopy computed imaging
technique for measuring the optical properties of
three-dimensional structures and biological tissues.
In the SDOCT system, the sample light is focused to
some point of the sample. The lens with high numer-
ical aperture can be used to achieve a high trans-
verse resolution at the expense of degraded depth
of field.® The maximum depth of imaging is invari-
ant but images outside the focused region become
blur. ISAM can make transverse resolution invari-
ant at different planes by re-computing spectrum
data; thus it eliminates the compromise between
resolution and depth of field.

The SDOCT system is based on a Michelson
interferometer, see Fig. 2. The light beam from
a super luminance diode (SLD) is divided into
two parts by a coupler. One part is the sam-
ple light. The other part is the reference light
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Coupler

-
Transverse Scan

Fig. 2.
mirror.

Schematic of the SDOCT system. RM is reference

which is reflected by the reference mirror (RM).
The back-scattered light from the sample is inter-
fered with the reflected light from the reference
arm, to be detected by a line-scan charge coupled
device (CCD) array with 3648 pixels at the out-
put of the Michelson interferometer. The spectral
range is from 728.69 to 911.16 nm. The resolution
of the spectroscopic detection is dA = 0.05nm,
which can determine the maximum imaging depth
of 3.4mm in air. Back-scattering wave by every
spots in the sample must be caught when transverse
scanning. The propagation equation of the decaying
wave is

V2U(T) + k‘zU(r) = —4mn(r)U(r), (10)

where U(r) is light field, k is wave number, and 7 is
the scattering potential. According to the first Born
approximation, the spectrum of back-scattered light
is a function of the transverse position of the beam
ro and the wavenumber k. The expression is?

S(ro, k) = A%(k) / d?r /V dr'G(r',r, k)

x g(r' —ro, k)n(r')g(r —ro, k),  (11)

where ¢ is Gauss beam, g(r,k) = W 2(k)
—r2/2W2(k) _ _ 2 :
e 2, W(k) = a/k,a = m1/NA. A*(k) is
the power spectral density of the source. G is the
Green function, G(r/,r, k) = "=l /| — ¢/|. After
two-dimensional Fourier transform with respect to
ro and approximation, the signal is given by the

expression

G 272 k2 a2Q?
S(QH?k) = A(k) <m§e 4;% )

Xﬁ(QHa_zkz<QH/2>)ﬂ (12)

Spectrum S(ro, k)

l

Transverse Two Dimensional FFT |
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n

Fig. 3. The procedure of ISAM.

where @) is the transverse wave vector, k, =
k2 — q2, ¢ is a variable of integration, 7 is the
three-dimensional Fourier transform of the scatter-
ing potential 7. Because two-dimensional Fourier
transform of the interference spectrum has linear
relation with 7, transverse resolution is independent
on depth position. It will be invariant on the dif-
ferent depth of the sample. Because of the simple
relationship, ISAM can be implemented efficiently
by resampling the spectrum data as used in SAR.
According to the relationship mentioned above,
the procedure of ISAM can be summarized as Fig. 3.
Two-dimensional fast Fourier transform (FFT) of
S(ro, k) along = and y is calculated to yield S’(QH k)
in Eq. (11). Implement a linear filtering Hap(Q)|, k)
to compensate for the bandpass shape. It can be
ignored when having less influence on imaging qual-
ity. Because of )| has no orthogonal relation with

k, Stolt mapping of S(Qu,k) is executed to yield
S Q, k.) in order to meet orthogonality. The map-

ping is k., = \/k? — ¢2. Next, after the Stolt map-
ping k. is nonuniform; it needs Stolt interpolation
for the result back to a regular grid to meet FFT
using cubic B splines. Then, take the inverse three-
dimensional FFT and compensate for decay of the
signal away from focus to get the scattering poten-

tial n(r).

4. Simulations

ISAM images are compared to results obtained
using standard OCT reconstruction methods.
Results show that one scatterer, multiple scatter-
ers, and noisy reconstruction. In simulations it is
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supposed that the sample is composed of one or
many scatterers omitting multiple scattering effect
and interference among adjacent scatterers. They
are placed inside and outside of the scanning bound-
ary to simulate finite boundary conditions. The
wavelength is A\g = 1310nm, 3dB bandwidth is
AX = 80nm, sampling period is Ak = 0.8 um ™"
from 4.4 to 5.2 um~"'. There are 400 pixels in the
longitudinal direction and 360 pixels in the trans-
verse direction. Because the light intensity will
decay with the penetrate depth, the scatter coeffi-
cient R4(z) has inverse relationship with the depth
z in the simulations. It is given by

Ry(2) = pm(NALe™ %, (13)

where [, is the coherence length, up and us are the
coefficients determined by scatterer, the represen-
tative value is pp = 1.5 mm™!, ps = 5mm~!. Fur-
thermore, the compensation for decay of the signal
away from focus is needed for the scattering poten-

tial n(r).

4.1.

Figure 4 displays reconstructions with NA =0.5,
axial depth of 100, 150, and 200 pm. ISAM can also
be applied for the lens with higher NA.

Results of standard OCT will become inferior
as the z position of the scatterer increases. Result
of ISAM is one spot at the different z position. The
transverse resolution is invariant.

One scatterer simulations

4.2. Multiple scatterers simulations

Figure 5 displays reconstructions of 100 random
scatterers with NA of 0.2, 0.4, and 0.6.

For the standard OCT reconstructions it can
be seen that an increase in NA provides an increase
in resolution. NA has influence on results of stan-
dard OCT whose focal region becomes narrower
while images of ISAM have the same transverse
resolution. The spots outside the focused range are
still distinct. Spots trail appears in the ISAM results
(b), (d), and (f). The reason is that simulated spots

10 pm 10 pm
(a) (b)
- ]
10 pm 10 pm
(c) (d)
e |
10 pm 10 pm

(e)
Fig. 4.

()

Reconstructed images for one scatterer on z = 100, 150, and 200 pum. Images (a), (c), and (e) show standard OCT

reconstructions. Images (b), (d), and (f) show ISAM reconstructions.
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Fig. 5. Reconstruction images of 100 scatterers on NA = 0.2, 0.4, and 0.6. Images (a), (c), and (e) show standard OCT
reconstructions. Images (b), (d), and (f) show ISAM reconstructions.

which are parabolic curve will have trail in the axial
direction after the reconstruction. The trail will be
obscure when the NA of lens is higher. It costs about
10 min to finish the 100 spots simulation using the
cubic B-spline (CPU E7300 2.60GHz, 2GB RAM).

4.3. Multiple scatterers and noisy
stmulations

It is supposed that Gaussian white noise is inde-

pendent of spectrum signal because the noise in
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SDOCT system mainly comes from Johnson noise.
The signal out of focus needs a gain which main-
tains the signal in the focus and out of focus planes
up to a level to match the signal in the focus. How-
ever, the gain also amplifies noise; thus focal region
is dependent of noise not NA. In the high noisy
system, the intensity on the focal plane is corre-
sponded with the noisy intensity. Now the signal
far from the focal plane will vanish even after ISAM
reconstruction. It has the same focal depth as the
standard OCT. In a low noisy system, ISAM has
much effect on expanding focal region. All the scat-
terers in the sample are visible until they are out of
focal region and are submerged by noise. In Fig. 6 an
object consisting of 100 spots scatterers is consid-
ered. For a well-designed OCT/ISAM system and
an appropriate sample, it is reasonable to expect

B 1 - :‘-
- - -
* Pl o « "=
”» - " - . - o ‘: *:
S e o
40 pm
(a)
i 1= |
| | ]
| | : \ i J I' !
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Fig. 6. Noisy reconstruction images of 100 scatterers. OCT
reconstructions are shown on the left and ISAM reconstruc-
tions on the right. The noise level considered results in SNR
values of 40dB and NA = 0.6.

a relatively high SNR, as SDOCT systems have
reported sensitivities of greater than 80 dB.? There-
fore the noise level considered results in SNR values
of 40 dB.

5. Conclusions

OCT is a noninvasive, cross-sectional imaging tech-
nique that measures depth resolved reflectance of
tissue. In SDOCT low-numerical aperture optics
are used to achieve a high depth of field at the
expense of degraded transverse resolution. ISAM is
a computed imaging technique that quantitatively
estimates a three-dimensional scattering object in
broadband coherent microscopy. The nonuniform
ISAM resampling and filtering is implemented to
yield the scattering potential within the scalar
model. Inverse FFT is used to obtain the ISAM
reconstruction. ISAM images are compared to those
obtained using standard OCT methods. Increasing
the NA of the objective lens does not reduce the
depth of focus; it increases only resolution and sig-
nal level in the in-focus region.
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