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We report the virtual instrumentation of both time-domain (TD) and spectral-domain (SD)
optical coherence tomography (OCT) systems. With a virtual partial coherence source from
either a simulated or measured spectrum, the OCT signals of both A-scan and B-scan were
demonstrated. The spectrometric detector’s pixel number, dynamic range, noise, as well as
spectral resolution can be simulated in the virtual spectral domain (SD-OCT). The virtual-OCT
system provides an environment for parameter evaluation and algorithm optimization for ex-
perimental OCT instrumentation, and promotes the understanding of OCT imaging and signal

post-processing processes.

Keywords: Optical coherence tomography; simulation; LabVIEW; depth-resolved imaging; cross-
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1. Introduction

Optical coherence tomography (OCT) is an emerging
noninvasive optical imaging method in clinical diag-
nosis.! By combining low-coherence interferometry
and confocal scanning microscopy, it can perform
cross-sectional imaging of the internal microstructure
of living tissue with an axial resolution of 1-15 ym
and penetration depth of 2-3mm.>? It has been

widely applied clinically in ophthalmology,*® der-
matology,®” gastroenterology,®* etc.

OCT utilizes a broadband, low temporal coher-
ence light source as illumination. Based on the
mechanism of signal detection and post-processing,
OCT can be divided into two categories: (1) Time-
domain OCT (TD-OCT), in which the depth-

resolved information is recorded though stepping
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the reference mirror, as partial interference can
only be detected when the optical path difference
is smaller than the coherence length. Because a
mechanical scan is involved in each A-scan of
TD-OCT, its applications are limited due to the
slow imaging speed. (2) Fourier-domain OCT
(FD-OCT), in which the depth-resolved structural
information is extracted from the interference
spectrum instead of moving the reference mirror.'’
Taking advantage of the multiplexing detection
(also known as Felgett’s advantage), the imaging
speed and sensitivity of FD-OCT are almost two
orders of magnitude greater than for TD-OCT.!!
FD-OCT can be subdivided into spectral domain
OCT (SD-OCT) and swept source OCT (SS-
OCT) according to their detection methods. SD-
OCT employs a broad-bandwidth light source,
and records the interference spectrum with a
spectrometer'!; SS-OCT, also known as optical
frequency domain imaging (OFDI), uses a fre-
quency-swept light source and a photoelectric
detector, to record the interference spectrum as a
function of time.'?'* The principle of SS-OCT is
analogous to that of SD-OCT, although the
interference spectrum is measured by different
means.

Distinct studies have been performed on the
simulation of OCT. The performance of OCT in
highly scattering tissues has been simulated with
the Monte Carlo method.!! Hosek et al. demon-
strated the software control of a TD-OCT system,
data acquisition and post-processing.'* Based on
the simulation of SD-OCT detection, we reported
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on the optimization of SD-OCT with partial
spectrum detection, pixel binning, etc.'” However,
there have been no reports on the simulation of
the partial interference process and post-proces-
sing of both kinds of OCT system. We constructed
TD-OCT and SD-OCT systems by means of vir-
tual instrumentation, and simulated the extrac-
tion of the depth-resolved information (A-scan)
and the reconstruction of the cross-sectional
image (B-scan). The virtual-OCT system should
contribute to the research and development of
OCT and optimization of the post-processing al-
gorithm, as well as provides an intuitive and
interactive platform for understanding the OCT
processes.

2. Computational Methods and Theory
2.1. TD-OCT theory

TD-OCT is the first generation of OCT systems, in
which the structure of the biological tissue is
recovered by low-coherence Michelson interfer-
ometry with mechanical mirror scanning. Because
the light source is a broadband low-coherence
source, the interference occurs only within the
coherence length. The interference signal represents
the corresponding structural information of the
specimen by scanning the reference arm. A sche-
matic diagram of the TD-OCT system is shown in
Fig. 1.

Using a Gaussian spectrum with power spec-
tral density S(k), central wavenumber kj, and
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Fig. 1. Schematic diagram to illustrate the TD-OCT system.
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Fig. 2. Diagram of the TD-OCT post-processing algorithm.
wavenumber bandwidth Ak, the interference fringe
Ip(Zp) is given by”:

p
Ip(zr) = [ [SolRR + Rs1 + Rey + -]

DC component

N
S, Z /RpRg,e~(zr—2s)"Ak?
n=1

P
+2

X cos[2kg(zp — an)]]

Interference component. (1)

Here, Sy = [;° S(k)dk is the integrated power of the
Gaussian spectrum, Rp and Zp are the reflectivity
and physical distance of the reference mirror re-
spectively, Rgi, Rgg,...Zq1,Zga,-.. are the reflec-
tivities and physical distances of each sample depth,
respectively, and p is the responsivity of the detector.
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The first term in (1) is the DC offset and is pro-
portional to the sum of the reference and sample
reflectivities. The second term represents the inter-
ference of the reflected signal from the reference arm
and the backscattered light from sample reflection of
different depths, and the depth-resolved information
lies in its envelope. Therefore, the post-processing of
TD-OCT includes the steps shown in Fig. 2.16

2.2. SD-OCT theory

One major drawback of the TD-OCT system is that
the mechanical scanning of the reference mirror
limits the possible imaging speed, making it only
applicable to situations of stationary imaging. To
overcome this, a multiplex detection mechanism has
been utilized in the SD-OCT. The reflected signal
from the reference mirror simultaneously interferes
with the backscattered light from each sample
reflector. The depth-resolved structural information
is acquired by taking the spectral-spatial transform
of the interference spectrum measured by a spec-
trometer. The spectrometer is usually composed of a
grating, a focusing lens and a line-CCD camera. SD-
OCT can achieve two orders of magnitude greater
imaging speed due to the Felgett’s advantage,
therefore it is of great importance for demanding
situations like retinal imaging.'! A schematic dia-
gram of the SD-OCT system is illustrated in Fig. 3.

Using a Gaussian spectrum with a power spec-
tral density S(k), central wavenumber k, and
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Fig. 3. Schematic diagram of SD-OCT system, which is simulated in our virtual instrumentation.
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wavenumber bandwidth Ak, the interference spec-
trum Ip(k) is given by*:

Ip(k) =L IS()[Ra+ Rsy + Reo -]

“DC component”

M N
- S<k>;¢mcosm<z}z—z$m]

Cross-correlation component

i N
+£ S(k) Z \/RS’H,RSWLCOS[zk(zSTL_ZSWL)]]

n#m=1

Auto-correlation component. (2)

The depth-resolved information can be obtained by
taking the inverse fast Fourier transform (IFFT) of
Eq. (2). The first term in (2) is often referred to as a
“DC component” and is proportional to the sum
of the reference and sample reflectivities (the first
term varies with the variable k, not a real DC
component). The second term is the cross-corre-
lation of the signal from the sample arm and the
beam from the reference arm, which is the desired
signal for OCT imaging. The last term represents
the auto-correlation of signals from sample reflec-
tion of different depths. Because the optical path
length differences between the sample reflectors
are typically small and the reflectivities of the
sample reflectors are far less than that of the
reference mirror, the auto-correlation component
and Z[S(k)[Rs; + Rga +---]] can be omitted, but
2[S(k)Rg], which is often referred to as “auto-cor-
relation of the light source spectrum” or “carrier
envelope”, is so large that it can overwhelm the
desired signal. Therefore, the carrier envelope
should be eliminated before taking the IFFT of (2),
and a simple method is to record the interferogram
with the reference mirror without a sample, then to
subtract this signal component sequentially from
the interference spectrum acquired in each A-scan.

The interference spectrum measured by a spec-
trometer is approximately mapped as a linear
function of the wavelength A, yet the IFFT relates
the data evenly spaced in k-space. Therefore, the
interference spectrum should be resampled in
k-space before being transformed to the spatial
domain, but resampling errors due to linear in-
terpolation will be greater at greater physical dis-
tances. This error can be corrected using a fast
Fourier transform (FFT)-zero padding-IFFT

Interference S”b::,:;z;”er Removal of the
spectrum —=="" 1 “DC component”
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sample points
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Depth profile L um evenly
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Fig. 4. Diagram of the SD-OCT post-processing algorithm.

algorithm, which increases the sampling points.
Therefore, the post-processing of SD-OCT involves
the steps shown in Fig. 4.!!

3. OCT Virtual Instrumentation
3.1. SD-OCT

Based on LabVIEW virtual instrumentation, we
simulated the process of the depth-resolved imaging
and the cross-sectional imaging of the SD-OCT
system. The depth-resolved information of the in-
ternal microstructures within the biological tissues
can be obtained by the A-scan, and the cross-sec-
tional image, or the tomogram can be acquired by
the B-scan, which is composed of multiple A-scans.

3.1.1.  Depth-resolved imaging

The flowchart of our virtual SD-OCT system for
depth-resolved imaging is illustrated in Fig. 5. The
functions of the six Vs in the flowchart are briefly
described as follows:

— Gaussian_generation VI: Generates the theor-
etical Gaussian spectrum based on the input
parameters (spectral width, spectral interval
and central wavelength);

— Reflection VI: Calculates the complex amplitude
of each wavelength composition reflected from
the reference mirror or backscattered from each
sample reflector;

— Noise_Generator VI: Generates the white noise
signal (here for simplicity, we only simulated the
white noise which is related with the dark cur-
rent of the CCD camera);

— 2N_digitization VI: Digitizes the interference
spectrum based on the dynamic range of the CCD;

— Frequency_Interpolate VI: Translates the spec-
trum evenly spaced in A-space to that spaced as
a linear function of k;
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Fig. 5. The flowchart of the SD-OCT A-scan program.
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— Linear_Interpolate VI: Linearly interpolates the
spectrum of the light source at the quarter
points in order to quadruple the sample points;

Our SD-OCT A-scan program can be described
in the following steps:

(1) The input spectrum and sample information.
The spectrum of OCT light source can be input by
generating a Gaussian distribution spectrum with
Gaussian_generation VI, or input the custom spec-
trum file directly. Then, choose the sample com-
prised of one or multiple discrete surfaces and input
the corresponding parameters (reflection coefficients
at different distances).

(2) The interference. The essence of OCT process
is the interference of the signal from the back-
scattering of the sample with the reference mirror
reflection. Here, the complex amplitude back-
scattered from the sample Sg was calculated by the
Reflection VI taking the reflectivity information of
the specimen, while the complex amplitude reflected
from the reference mirror Sy was obtained similarly
(the reflection coefficient and distance of the refer-
ence mirror were assumed to be 1 and 0 for mirror
reflection). The interference spectrum can be
obtained by the squared modulus of their sum, and
the carrier envelope was acquired by calculating the
squared modulus of Sg.

(3) The noise evaluation. This is an optional
function only for users to evaluate the real OCT
signal with noise, such as dark current of the
detector. To evaluate the effect of such kind of noise
which is inevitable in a real OCT imaging process,
here we have simulated a white noise signal with
variable noise level. It is added to the carrier
envelop as well as the interference spectrum. When
the noise level is zero, it simulates an ideal OCT
case. The users can replace the noise model with
their own code to simulate different noise sources.

(4) Signal processing. First, the detected signal
is digitized, then, to acquire the cross-correlation
signal, the carrier envelope D, is subtracted from
the interference signal D; to remove the “DC
component”. To increase the sampling rate, the
cross-correlation signal was Fourier transformed to
the spatial domain, then, zero padding is applied to
quadruple the sample points, and inverse Fourier
transformed back to the frequency domain with
four times the points number labeled Y. Linear_
Interpolate VI linearly interpolated the spectrum of
a light source at the quarter points to quadruple

the sample points labeled X. Frequency_Interpolate
VI translated the spectrum evenly spaced in
A-space to that spaced as a linear function of &
labeled xi. The interference spectrum evenly spaced
in k-space was obtained by linearly interpolating
(X,Y) at xi. Finally, the data were inverse Fourier
transformed to the depth space to obtain the
depth-resolved information.

(5) Besides, the distance should be calibrated to
reflect the actual physical size of the image to
visualize the biological structure of the specimen,
we achieved the calibration in the simulation using
the relationship between the actual and sampling
frequencies in a FFT algorithm. Assuming Ak is
the interval of the spectrum evenly spaced in
k-space, f, is the sampling frequency of the spec-
trum. Based on the property of the FFT algorithm,
the actual frequency (actual distance) of each
depth-resolved datum

i

f=tis o ®
where ¢ is the index of the data and N is the data
size, thus the actual distances of the depth profile is
calibrated. Grayscale image VI generated the
grayscale image of the depth profile and the resol-
ution of the OCT image can be measured with
FWHM _calculation VI, which -calculates the
FWHM of the point-spread function (PSF) in the
depth-resolved information.

3.1.2.  Cross-sectional imaging

The cross-sectional OCT image (B-scan) consists of
multiple depth-resolved images (A-scans). In SD-
OCT B-scan simulation, the grayscales of a grays-
cale image input by the user can be used as the
reflection coefficients of the sample in different
depths and positions. Here one can employ other
image processing tools such as Image J, or further
develop the program to apply color map on the
image for better visualization of the biological
structures.

As illustrated in Fig. 6, our SD-OCT B-scan
program can be described in the following steps:

(1) Image to virtual sample information. Input a
grayscale image with a known image resolution,
Input image VI aimed to export its normalized
grayscales, as the reflectivity is 8 bit, it was multi-
plied with 103 to convert grayscale to reflectivity

1450030-6
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Fig. 6. The flowchart of the SD-OCT B-scan program.

for OCT imaging. The depth-resolved grayscales
were transformed to multiple surface reflection
coefficient of the sample by Grayscale_location VI.
With a distance interval accuracy of 1um, the
structure of the virtual sample is digitized for OCT
process.

(2) Two-dimensional image reconstruction. Each
column of data in the reflection coefficient array
was processed with SD-OCT A-scan program to
obtain the depth-resolved imaging (A-scan), and
the B-scan was obtained with repeating the A-scan
process of each position. Finally, the cross-sectional
image was displayed.

3.2. TD-0OCT simulation

TD-OCT is a traditional OCT with a straightfor-
ward mechanism and straightforward mathematical
processing. As the imaging speed is limited by the
mechanical scanning, TD-OCT is restricted to the
speed insensitive applications. Here, we only simu-
lated the depth-resolved imaging of the TD-OCT
system. The flowchart is illustrated in Fig. 7.

TD-OCT differs from SD-OCT in two major
respects: (1) The reference mirror is mechanically
scanned to acquire the depth profile, so the distance
of the reference mirror is an array determined by
distance offset, sampling interval and sampling
steps rather than a constant; (2) a photoelectric
detector is used to record the interference intensity
of all wavelength compositions as a function of
depth.

Our TD-OCT A-scan program can be described
in the following steps:

(1) The input spectrum and sample information.
Choose the spectrum and the sample used in the
simulation and input the corresponding parameters
as well as the SD-OCT virtual instrument.

(2) The interference. Input distance offset,
sampling interval and sampling steps to generate
the distance of the reference mirror one by one with
a “for loop”, for each distance, the complex ampli-
tude backscattered from the sample Sg was calcu-
lated by the Reflection VI taking the reflectivity

information of the specimen, while the complex
amplitude reflected from the reference mirror Sg|i]
was obtained similarly (the reflection coefficient
of the reference mirror was assumed to be 1 for
mirror reflection). The interference intensity can
be calculated by the formula I[i] = 3" |S, + Sg[i]|>.
With the change of the reference mirror distance,
the intensity array (i.e., the interference fringe)
was obtained as a function of reference mirror
distance.

(3) Signal processing. The intensity data was
digitized and the DC offset was subtracted by
removing its zero frequency, then, they were recti-
fied by taking the absolute value, finally, the
envelope (i.e., the depth-resolved information) was
extracted by taking the maximum values and line-
arly interpolating them. Besides, the axial resol-
ution of the simulated TD-OCT system was also
given.

3.3. Graphic user interface of the OCT
virtual instrumentation

Graphic user interface (GUI) plays a key role in
virtual instrumentation. On one hand, the GUI
is the only place where user can freely interact
with the instrument, for both real and virtual
ones. Therefore, the richness of input options and
ease of use are two major parameters for industrial
design. On the other hand, the intuitiveness for in-
teraction is very important for users to grasp the
main function quickly, without going to the com-
plicated program (LabVIEW’s back-panel). Taking
advantage of the rich virtual instrumentation
front panel GUI input icons, we have integrated
both SD-OCT and TD-OCT in one virtual instru-
ment, as illustrated in Fig. 8. Taking SD-OCT A-
scan for example, the operations for the user
are listed as follows: firstly, choose the spectrum
used in the simulation (Gaussian or Custom spec-
trum). Once the illumination spectrum is chosen,
the corresponding controls become visible, guiding
the user to input the corresponding parameters
such as Gaussian spectral width, Gaussian central
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Fig. 7. The flowchart of the TD-OCT A-scan program.
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wavelength, etc. When the cursor is moved to a
“control”, its description is automatically displayed
(Fig. 8) to help the user to better understand its
function. Secondly, input the sample information
which is comprised of one or multiple discrete sur-
faces. Finally, the OCT results, resolution, etc. are
displayed automatically after the input.

4. Results

For an OCT system based on Gaussian spectrum,
the axial resolution in air can be estimated by'®

2
_ 2In2 % . (@)
T

Here, Ay and A\ denote the central wavelength and
spectral width of the light source, respectively. The
simulation results of a Gaussian spectrum are dis-
cussed in the paper.

Az

4.1. SD-OCT depth-resolved itmaging

With a Gaussian spectral width of 40 nm, Gaussian
central wavelength of 840 nm, CCD pixel number of
2048, CCD dynamic range of 12 bits and a relative
white noise level of 0.5%, the simulation result of
sample 1 by the SD-OCT A-scan program is shown
in Fig. 9 (the parameters of sample 1 are given in
the upper right corner of the figure). From Fig. 9,

GUI of the virtual OCT system. Note the yellow pop-up hint during input.

one can see that, the OCT image reflects the
physical structure of the simulated phantom accu-
rately. The presence of mirror image in the simu-
lated result is a typical artifact of SD-OCT.

4.2. TD-OCT depth-resolved imaging

Assuming the distance offset, sampling interval and
sampling steps to be 10 um, 0.01 yum and 8000, re-
spectively, so that the reference mirror was simu-
lated to move from 10 to 90 ym in 8000 steps. With
a Gaussian spectral width of 40nm, Gaussian

0.7+

Distance Reflection
0.6- (um) coefficient
I 500 0.001
—' 05- 1000 0.002
:? 1500 0.005
< 0.4

0 500 1000 1500 2000 2500 3000 3500 4000 4500
Distance (um)

Fig. 9. The simulation result of sample 1 by the SD-OCT
A-scan program.
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central wavelength of 840nm, Gaussian spectral
interval of 1nm and a detector dynamic range of
12 bits, the simulation results of sample 2 by the
TD-OCT A-scan program are illustrated in Fig. 10
[the parameters of sample 2 are given in the upper
left corner of Fig. 10(b)]. In the TD-OCT simu-
lation, (a) was the interference fringe recorded by
the photoelectric detector; (b) was acquired by
extracting the envelope of (a).

As a comparison with the theory, we simulated
the relationship between the axial resolution and
Gaussian spectral width of the simulated SD- and
TD-OCT systems with Gaussian central wave-
length of 840, 1300 and 1550nm (the central
wavelengths of SLD commonly used in OCT sys-
tems), respectively. The simulation results and the
theoretical values are shown in Fig. 11, from which
one can see that the simulated axial resolutions
show good agreement with the theoretical values for
each Gaussian central wavelength. This demon-
strated the validity of the algorithms used in our
simulation and illustrated that the virtual OCT
system can be used to evaluate and optimize the
axial resolution of a SD- or TD-OCT systems.
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Fig. 10. The simulation result of sample 2 by the TD-OCT A-
scan program. (a) The interference fringe. (b) The post-pro-
cessed OCT image reflects the depth-resolved structural infor-
mation of the simulated phantom.
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Fig. 11. The axial resolution of the simulated SD- and TD-
OCT systems.

4.3. SD-OCT cross-sectional imaging

OCT has been applied onto the detection of a var-
iety of cancers.!” However, it should be noted that
the 5-10 pm resolution of a typical OCT system is
insufficient for imaging of individual cells. There-
fore, the OCT cancer detection can only be limited
to those with large morphological changes, rather
than the subtle cellular level indication. To validate
the usefulness of an OCT system in cancer detec-
tion, we have constructed the OCT for cross-sec-
tional imaging, in which one can input a histological
image as a target for OCT imaging, and generate
the corresponding OCT result to evaluate whether
such OCT system can be applied on this cancer
detection noninvasively or not. Here, a retinal his-
tology image [Fig. 12(a)] with a resolution of 7 ym/
pixel was used as input for the SD-OCT B-scan
program. With a Gaussian central wavelength of
840 nm, CCD pixel number of 2048, CCD dynamic
range of 12dB and a distance offset of 10 um, the
reconstructed images with different OCT axial res-
olutions are shown in Figs. 12(b)-12(d). The OCT
axial resolution is determined by the Gaussian
spectral width, in the case of the same Gaussian
central wavelength. As can be seen, with the lower
OCT axial resolution, the reconstructed images
become further blurred. These results facilitate the
physicians to evaluate the application and limi-
tation of OCT system in its cancer detection.

In this work, only the interference between the
sample arm and the reference arm is considered. It
should be noted that, other factors such as scat-
tering (which is the dominant factor for the imaging
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Fig. 12. (a) The input retinal image. (http://www.iupui.edu/~ anatd502/Labs.f04/eye%20lab/pages/s94_10x_15_ jpg.htm). (b),
(c), (d) are the reconstructed images with a OCT axial resolution of 5, 10 and 20 pm, respectively. Scale bar: 200 pym.

depth of OCT) and absorption (especially when the
blood vessels are presented) should be considered to
further simulate the situation of OCT imaging for
biological specimen. The effect of the scattering to
the sample signal intensity can be simulated as one
or multiple exponential decays across the propa-
gation distance, following the Beer-Lambert law.'°
The effect of the absorption can be simulated simi-
larly, with some abrupt change of absorption coef-
ficient assigned for sites such as the blood vessel.

5. Conclusion

We have constructed the virtual-OCT system
for both time-domain (TD) and spectral-domain
(SD) imaging. The depth-resolved imaging, cross-
sectional imaging of the SD-OCT system, as well
as the depth-resolved imaging of a traditional
TD-OCT system were simulated. The axial resol-
utions of the simulated TD- and SD-OCT systems
are in agreement with the theoretical values, and
their depth-resolved information well recovers the
sample structure. With the input of a histological
image which represents the structure of the tissue
being examined, the cross-sectional image from the

virtual OCT can be used to help evaluating the
applicability of the real OCT system in cancer
detection. The virtual-OCT system provides an
intuitive and interactive platform for understanding
OCT processes, and an environment for parameter
evaluation and algorithm optimization, which can
contribute to the research and development of the
next generation OCT system.
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Appendix

The virtual-OCT system used in this work can be
downloaded from: http://bme.pku.edu.cn/~xipeng/
Tools.htm.
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